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ABSTRACT 


This  work  provides  compiled  experimental  data  and  associated 
information  on  the  thermodynamic,  mechanical,  thermophysical  , and 
electrical  properties  of  basalts  from  various  locations  in  the 
United  States  and  abroad.  The  thermodynamic  properties  include 
the  chemical  characterization  of  basalts,  heat  capacity,  relative 
enthalpy,  entropy,  Gibbs  energy,  and  molar  volume.  A summing 
procedure  for  obtaining  values  of  heat  capacity  and  calorimetric 
entropy  above  298K  is  introduced. 
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FOREWORD 


This  report  was  assembled  by  the  Office  of  Standard  Reference 
Data,  National  Bureau  of  Standards  in  collaboration  with  the  National 
Center  for  Thermodynamic  Data  of  Minerals,  U.S.  Geological  Survey  and 
the  Center  for  Information  and  Numerical  Data  Analysis  and  Synthesis 
(CINDAS),  Purdue  University.  It  is  in  response  to  a request  and  funding 
support  by  the  Office  of  National  Waste  Isolation  (ONWI),  Battel le 
Memorial  Institute  to  compile  and  evaluate  the  physical  and  mechanical 
properties  data  of  basalt.  Because  of  changes  in  the  management 
structure  of  ONWI  the  work  on  this  project  had  to  be  terminated.  The 
present  report  represents  the  effort  to  date  in  which  the  data  on 
thermodynamic,  mechanical,  thermophysical  and  electrical  properties 
have  been  compiled.  Some  attempt  at  evaluation  has  been  made.  In  most 
instances,  recommended  values  for  the  assembled  data  as  a function  of  the 
given  variables  cannot  be  specified.  Therefore,  the  data  in  this  report 
must  be  viewed  as  an  attempt  to  bring  the  property  values  being  examined 
within  narrower  limits. 


L.  H.  Gevantman 


Introduction 


The  data  contained  in  this  report  are  being  issued  as  a continuation 
of  a project  established  under  the  sponsorship  of  the  Office  of  Nuclear 
Waste  Isolation,  Battelle  Memorial  Institute  with  the  N.B.S.  Office  of 
Standard  Reference  Data  (OSRD)  to  compile  and  evaluate  data  on  candidate 
minerals  in  which  high  level  nuclear  waste  is  to  be  emplaced.  To  date, 
the  OSRD  has  issued  property  data  on  rock  salt  [1]  and  a feasibility 
report  on  the  availability  of  data  currently  in  the  literature  on  the 
properties  of  basalt,  granite,  tuff,  and  shale  [2].  This  report  consists 
of  data  on  the  chemical,  thermodynamic,  thermophysical,  mechanical  and 
electrical  properties  of  generic  basalts.  A serious  attempt  has  been 
made  to  review  these  data  in  a critical  fashion  with  a view  toward  recom- 
mending specific  values  as  a function  of  temperature,  pressure  and  other 
variables.  While  some  success  has  been  achieved,  it  must  be  noted  that 
due  to  the  degree  of  variability  in  the  physical  makeup  of  the  basalt 
and  the  inadequacy  of  reporting  in  the  literature  on  the  chemical  makeup 
of  the  material  under  examination,  experimental  method,  etc.,  only  a few 
of  the  data  can  be  accepted  as  rigorous. 

Newer  work  and  more  refined  methods  for  dealing  with  such  chemically 
heterogeneous  materials  are  starting  to  appear  in  the  literature.  These 
may  help  confirm  or  narrow  the  limitations  which  must  accompany  the  present 
data.  A very  cursory  comparison  between  these  and  unpublished  site-specific 
data  reveals  a degree  of  agreement  within  broad  error  limits.  It  is 
recommended  that  many  of  these  data  be  used  with  an  awareness  of  their 


limitations. 


The  data  are  reported  in  four  chapters.  There  is  a degree  of 
repetitiveness  in  two  chapters  dealing  with  thermophysical  properties 
where  heat  capacity  values  are  employed  (Chapter  1 and  3).  However, 
this  overlap  is  considered  useful  and  reinforcing.  Each  chapter 
contains  a brief  introduction  to  the  subject  area,  a review  of 
experimental  method  used  to  achieve  the  recorded  values  and  the  data. 
In  some  of  the  chapters  error  limits  have  been  discussed  and  values 
recorded.  As  a result  of  this  work,  a method  for  extending  heat 
capacity  values  beyond  298K  has  been  refined  and  used  as  a tool  for 
evaluating  and  extrapolating  the  thermodynamic  data.  This  method  is 
fully  documented  in  an  appendix  to  Chapter  1.  References  to  the 
subject  matter  discussed  in  each  chapter  are  to  be  found  at  the  end 
of  each  chapter. 


References 

1.  Gevantman,  L.H.,  Editor,  Physical  Properties  Data  for  Rock  Salt, 

NBS  Monograph  167,  January  1981. 

2.  Gevantman,  L.H.,  Feasibility  Study:  Compilation  and  Evaluation 

of  Properties  Data  for  Basalt,  Granite,  Tuff,  and  Shale, 

NBSIR  81-2217,  January  1981. 


ACKNOWLEDGEMENT 


In  completing  this  project,  I wish  to  acknowledge  the  sponsorship 
of  ONWI  and  Dr.  G.  E.  Raines,  the  project  manager.  Special  thanks 
go  to  Drs.  C.  Y.  Ho  and  J.  L.  Haas,  Jr.,  for  their  cooperation  and 
perserverence  in  completing  a difficult  and  demanding  data  effort. 


PHYSICAL  PROPERTIES  DATA  FOR  BASALT 


CHAPTER  1 

CHAPTER  2 
CHAPTER  3 


Lewis  H.  Gevantman 


THERMODYNAMIC  AND  THERMOPHYSICAL 
PROPERTIES  OF  MINERAL  COMPONENTS 
OF  BASALTS 


MECHANICAL  PROPERTIES 


THERMOPHYSICAL  PROPERTIES 


CHAPTER  4 


ELECTRICAL  PROPERTIES 


1 


OIHMYOC 

' 


CHAPTER  1 


THERMODYNAMIC  AND  THERMOPHYSICAL  PROPERTIES 
OF  MINERAL  COMPONENTS  OF  BASALTS 

Gilpin  R.  Robinson,  Jr.,  John  L.  Haas,  Jr., 
Constance  M.  Schafer,  and  H.  T.  Haselton,  Jr.* 


Page 

1.1.  Introduction 1 

1.2.  Physical  , Chemical  , and  Mi  neral  ogi cal  Characteri sti cs 

of  FI ood  Basal t 3 

1.2.1.  Introduction  3 

1.2.2.  Major  Constituents  . 3 

1.2.3.  Alteration  Products 5 

1.3.  Thermodynamic  and  Thermophysical  Properties 8 

1.3.1.  Introduction  8 

1.3. 1.1.  Definitions,  notation,  and  nomenclature.  . 8 

1.3. 1.2.  Types  of  data  used  in  study. 8 

1.3. 1.2.1.  Low-temperature  calorimetry.  . 11 

1.3. 1.2. 2.  Di  fferenti al -scanni ng 

calorimetry 12 

1.3. 1.2. 3.  Drop  calorimetry 13 

1.3. 1.2. 4.  X-ray  crystal  1 ography 14 

1.3. 1.2. 5.  Rel ative-vol ume  measurements  . 15 

1.3. 1.2. 6.  Enthal  py-of-reacti on 

measurements  16 

1.3. 1.2. 7.  Phase-equilibria  experiments  . 18 

1.3. 1.2. 8.  El ectromotive-force  measure- 
ments  20 

1.3.2.  Calculation  of  Estimated  Thermophysical  Properties 

of  Rocks  and  Minerals:  Heat  Capacity,  Relative 

*U.S.  Geological  Survey,  National  Center  for  the  Thermodynamic  Data 
of  Minerals,  Branch  of  Experimental  Geochemistry  and  Mineralogy, 
National  Center,  Stop  959,  Reston,  VA  22092 


Page 

Enthalpy,  and  Calorimetric  Entropy  of  Silicate 
Minerals  and  Specific  Heat  of  Silicate  Rocks  ....  21 

1.3. 2.1.  Introduction 21 

1.3. 2. 2.  Evaluation  of  fictive  molar  properties  . . 23 

1.3. 2. 2.1.  Introduction 23 

1.3. 2. 2. 2.  Fitting  procedure 23 

1.3. 2. 2. 3.  Results 29 

1.3. 2. 3.  Procedures  to  calculate  estimated  molar 

heat  capacities,  relative  enthalpies  and 
calorimetric  molar  entropies  for  minerals.  43 

1.3. 2. 3.1.  Heat  capacity 43 

1.3. 2. 3. 2.  Relative  enthalpy 50 

1.3. 2. 3. 3.  Entropy 52 

1.3. 2. 4.  Procedure  to  calculate  estimated  specific 

heats  for  rocks 56 

.3.3.  Evaluated  Thermodynami  c and  Thermophysical  Properties 

of  Selected  Mineral  Phases  in  the  MgO-Si  O2-H2O-CO2 , 

CaO-Al  203-Si  O2-H2O-CO2 , and  Fe-Fe0-Fe203~Si  O2-H2O 
Chemical  Systems 60 

1 .3.3.1.  Introduction 60 

1.3. 3. 2.  Fitting  procedure 60 

1.3. 3. 2.1.  Introduction 60 

1.3. 3. 3.  Data  entry 63 

1.3. 3. 4.  Weighting  of  experimental  data 65 

1.3. 3. 5.  Data  rejection 67 


Page 


1.3. 3. 6.  Preparation  of  tables  and  summaries.  ...  72 

1.3. 3. 7.  Confidence  limits 73 

1.3. 3. 8.  Results 74 

1.4.  References 76 

1.5.  Appendix  - Thermodynamic  Tables  and  Summaries 118 

1.5.1.  Chemical  Index  to  Tables  and  Summaries 118 

1.5.2.  Mineral  Index  to  Tables  and  Summaries 118 

1.5.3.  Functions  Describing  Thermophysical  Properties  as  a 

Function  of  Pressure  and  Temperature  125 

1.5.4.  Tables  of  Mineral  Thermodynamic  and  Thermophysical 

Properties  at  101  .325  kPa  (1  atm) 127 

1.5.5.  Summaries  of  Data  Sources,  Standard  State  Pro- 

perties, and  Fitted  Functions  Describing  Mineral 
Thermodynamic  and  Thermophysical  Properties 287 

1.5. 5.1.  A1  , aluminum 287 

1.5. 5. 2.  A100H 287 

1.5. 5. 2.1.  Boehmite 287 

1.5. 5. 2. 2.  DiaspGre 290 

1.5. 5. 3.  A1(0H)3,  gibbsite.  293 

1.5. 5. 4.  A1  2O3  , corundum 296 

1.5. 5. 5.  Al2Si05 296 

1.5. 5. 5.1.  Andalusite 296 

1.5. 5. 5. 2.  Kyanite 300 


1.5. 5. 5. 3.  Sillimanite 


303 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


Page 


.5.5.6.  A1  2S1’  2^5(0H)4 303 

1.5. 5. 6.1.  Kaolinite 306 

1.5. 5. 6. 2.  Dickite 306 

1.5. 5. 6. 3.  Halloysite 306 

.5.5.7.  A1  2Si  40iq(0H)  2 , pyrophyllite 313 

.5.5.8.  C , graphite 313 

.5.5.9.  CO,  carbon  monoxide  313 

.5.5.10.  CO2  , carbon  dioxide 313 

.5.5.11 . Ca  , cal  ci  urn 316 

.5.5.12.  CaAl  2Si  0g , Ca-Al  cl  i nopyroxene 316 

.5.5.13.  CaA^Si^Og,  anorthite 316 

.5.5.14.  CaAl4Si20io(OH)2 , margarite 323 

.5.5.15.  CaCOg 323 

1.5.5.15.1.  Cal  cite 323 

1.5.5.15.2.  Aragonite 328 

.5.5.16.  CaO,  lime 328 

.5.5.17.  CaSi  03 328 

1.5.5.17.1.  Wol  1 astonite 332 

1.5.5.17.2.  Cycl owol 1 astonite  (=  "pseudo- 

woll astoni te")  332 

.5.5.18.  Ca2Al  2Si0g(0H)2,  bicchulite 338 

.5.5.19.  Ca2Al2Si0g  , gehl  enite 338 

.5.5.20.  Ca2Al 2Si 30^0(08)2 , prehnite  343 

.5.5.21.  Ca2Al  3Si  3O2 2 ( 0 H) » zoisite 343 


iv 


Page 


1.5.5.22.  343 

1.5.5.22.1.  A1  pha-Ca2Si  O4 354 

1.5.5.22.2.  Bredigite 354 

1.5.5.22.3.  Ca  olivine 354 

1.5.5.22.4.  Larnite 354 

1.5.5.23.  Ca3Al  2Si  30^2  » grossular 356 

1.5.5.24.  Ca3Si05,  hatrurite 356 

1.5.5.25.  Ca3Si'207  , rankinite 362 

1.5.5.26.  Ca4Al6Si5024(C03)  , meionite 362 

1.5.5.27.  Fe  , i ron 362 

1.5.5.28.  Fe#9470,  wustite 367 

1.5.5.29.  FeSi03,  ferrosilite  367 

1.5.5.30.  Fe203,  hematite  373 

1.5.5.31.  Fe2Si04,  fayalite  376 

1.5.5.32.  Fe304  , magneti  te 379 

1.5.5.33.  H2  , hydrogen 379 

1.5.5.34.  H2O,  water  and  the  ideal  and  real  gases  . 382 

1.5.5.35.  H4Si04,  silicic  acid 382 

1.5.5.36.  Mg,  magnesium  383 

1.5.5.37.  MgCOg,  magnesite 383 

1.5.5.38.  MgO,  periclase 386 

1.5.5.39.  Mg(0H)2»  brucite 386 

1.5.5.40.  MgSi03,  cl i noenstati te , enstatite,  and 

protoenstati  te 386 

1.5.5.41.  Mg2Si04,  forsterite 396 


v 


Page 


1.5.5.42.  Mg3Si  2O5 ( 0 H) 4 , chrysotile 396 

1.5.5.43.  Mg 3S i 40|g( OH) 2 > talc 396 

1.5.5.44.  Mg7Sig022(0H)2  » anthophyl  1 i te 396 

1.5.5.45.  Mg48Si  340g5(0H)52  , antigorite 407 

1.5.5.46.  03,  oxygen 407 

1 .5.5.47.  Si  , sil icon 407 

1.5.5.48.  Si  02 407 

1.5.5.48.1.  Quartz 410 

1.5.5.48.2.  Cristobalite  410 

1.5.5.49.  Constants  410 

1.6.  Symbols  and  Units 414 

1.7.  Fundamental  Constants,  Defined  Constants,  and  Conversion 

Factors  from  Non-SI  Units  to  SI  Units 416 


vi 


List  of  tables 


Page 


Table  1.  Representative  flood  basalt  composition,  norm,  and  mode.  4 
Table  2.  Experimental  (and  evaluated)  data  used  to  develop  the 

functions  for  the  fictive  components  30 

Table  3.  Structural  factors  for  common  silicate  minerals 38 

Table  4.  Component  coefficients  to  estimate  mineral  heat  capacity 

and  entropy  ( joul es/mol .-kel vin) 40 

Table  5. a.  Conversion  of  the  illite  analysis  to  the  number  of 

moles  of  each  oxide 45 


Table  5.b.  Calculation  of  the  constants  a^,  a^,  a^,  a^,  and  ay 
for  use  in  equations  10  and  11  to  calculate  the 
relative  heat  capacity  of  illite  of  the  composition 

given  in  part  a of  this  table 46 

Table  6.  Calculation  of  the  constants  a1#  a2*  a^,  ag,  and  ay 

for  use  in  equations  10  and  11  to  calculate  the 

+3 

relative  heat  content  of  acmite  (NaFe  Si^Og) 51 

Table  7. a.  Calculation  of  the  constants  a^,  ag,  a^,  a^,  ag,  and 
ay  for  use  in  equations  13  and  14  to  calculate  the 
calorimetric  entropy  of  illite  (K^Al  yMg(Si  ^A1  2)0^q 

(0H)b)  at  298.15  K 54 

Taole  7.d.  Comparison  of  the  observed  calorimetric  molar  entropy 
of  i 1 1 ite(KgAlyMy(Si -^A^O^OHJg)  with  estimated 
values  calculated  from  1)  the  technique  described 


Page 


here,  2)  the  technique  described  by  Helgeson  and 
others,  1978,  and  3)  the  sum  of  oxide  entropies.  ...  55 

Table  8.  Component  coefficients  to  calculate  rock  specific  heat 

( joules/  gm-kelvin) 57 

Table  9. a.  Representative  composition  of  terrestrial  flood  basalt 

(weight  fraction) 58 

Table  9.b.  Estimated  specific  heats  of  selected  basalts  using  the 
compositions  given  in  part  a of  this  table.  Measured 
specific  heats  of  basalt  at  Dreser,  Wisconsin  (data 

from  Hanley  and  others,  1977) 59 

Table  10.  Chemical  index  to  tables  and  summaries 119 

Table  11.  Mineral  index  to  tables  and  summaries 122 

Table  12.  Thermophysical  values  for  stable  phases  of  the  element 

aluminum  (A1 ) at  1.01325  bars  (1  atm) 128 

Table  13.  Thermochemical  properties  of  stable  phases  of  the 

element  aluminum  (Al)  at  1.01325  bars  (1  atm) 129 

Table  14.  Thermophysical  values  for  stable  phases  with  the 

composition  A100H  at  1.01325  bars  (1  atm) 130 

Table  15.  Thermochemical  properties  of  stable  phases  with  the 

composition  A100H  at  1.01325  bars  (1  atm) 131 

Table  16.  Thermophysical  values  for  boehmite,  A100H,  at  1.01325 

bars  (1  atm) 132 

Table  17.  Thermochemical  properties  of  boehmite,  A100H,  at 

1.01325  bars  (1  atm) 133 

vi  i i 


Page 

Table  18.  Thermophysical  values  for  diaspore,  A100H,  at  1.01325 

bars  (1  atm) 134 

Table  19.  Thermochemical  properties  of  diaspore,  A100H,  at 

1.01325  bars  (1  atm) 135 

Table  20.  Thermophysical  values  for  gibbsite,  AltOH)^,  at  1.01325 

bars  (1  atm) 136 

Table  21.  Thermochemical  properties  of  gibbsite,  Al(0H)g,  at 

1.01325  bars  (1  atm) 137 

Table  22.  Thermophysical  values  for  corundum,  Al^O^,  at  1.01325 

bars  (1  atm) 138 

Table  23.  Thermochemical  properties  of  corundum,  Al^O^,  at 

1.U1325  bars  (1  atm) 139 

Table  24.  Thermophysical  values  for  stable  phases  with  the 

composition  A^SiO^  at  1.01325  bars  (1  atm) 140 

Table  25.  Thermochemical  properties  of  stable  phases  with  the 

composition  Al^SiO^  at  1.01325  bars  (1  atm) 141 

Table  26.  Thermophysical  values  for  andalusite,  A^SiO,.,  at 

1.01325  bars  (1  atm) 142 

Table  27.  Thermochemical  properties  of  andalusite,  AlgSiO^,  at 

1.01325  bars  (1  atm) 143 

Table  28.  Thermophysical  values  for  kyanite,  A^SiO^,  at  1.01325 

bars  (1  atm) 144 

Table  29.  Thermochemical  properties  of  kyanite,  Al^SiO^,  at 

1.0132b  bars  (1  atm) 145 


i x 


Page 


Table  3U.  Thermophysical  values  for  sillimanite,  A^SiO^,  at 

1.01325  bars  (1  atm) 146 

Table  31.  Thermochemical  properties  of  sillimanite,  Al^SiO^,  at 

1.01325  bars  (1  atm) 147 

Table  32.  Thermophysical  values  for  kaolinite,  A1  ^Si ^(OH)^,  at 

1.01325  bars  (1  atm) 148 

Table  33.  Thermochemical  properties  of  kaolinite,  Al^S^O^OH^, 

at  1.01325  bars  (1  atm) 149 

Table  34.  Thermophysical  values  for  dickite,  Al^S^O^OH)^,  at 

1.01325  bars  (1  atm) 150 

TaDle  35.  Thermochemical  properties  of  dickite,  Al^Si^O^. (OH)^,  at 

1.01325  bars  (1  atm) 151 

Table  3b.  Tnermophysical  values  for  halloysite,  Al^Si  ^(OH)^,  at 

1.01325  bars  (1  atm) 152 

Table  37.  Thermochemical  properties  of  halloysite,  A1 ^Si 205(0H)4, 

at  1.01325  bars  (1  atm) 153 

Table  38.  Thermophysical  values  for  pyrophyl  1 ite,  A^Si^O^OH^, 

at  1.01325  bars  (1  atm) 154 

Table  39.  Thermochemical  properties  of  pyrophyl 1 ite, 

Al;-,Si^0^0(0H)?,  at  1.01325  bars  (1  atm) 155 

Table  40.  Thermophysical  values  for  the  elemental  phase  graphite 

(C)  at  1.01325  bars  (1  atm) 156 

Table  41.  Thermochemical  properties  of  the  elemental  phase 

graphite  (C)  at  1.01325  bars  (1  atm) 157 


x 


Page 


Table  42.  Thermopnysical  values  for  carbon  monoxide  (CO,  ideal 

yas)  at  1.01325  bars  (1  atm) 158 

Table  43.  Thermochemical  properties  of  carbon  monoxide  (CO,  ideal 

gas)  at  1.01325  bars  (1  atm) 159 

Table  44.  Thermophysical  values  for  carbon  dioxide  (CO^,  ideal 

gas)  at  1.01325  bars  (1  atm) 160 

Table  45.  Thermochemical  properties  of  carbon  dioxide  (C0£,  ideal 

gas)  at  1.01325  bars  (1  atm) 161 

Table  46.  Thermophysical  values  for  stable  phases  of  the  element 

calcium  (Ca)  at  1.01325  bars  (1  atm) 162 

Table  47.  Thermochemical  properties  of  stable  phases  of  the 

element  calcium  (Ca)  at  1.01325  bars  (1  atm) 163 

Table  48.  Thermophysical  values  for  Ca-Al  cl inopyroxene, 

CaAl  SiO^,  at  1.01325  bars  (1  atm).  . . 164 

Table  49.  Thermochemical  properties  of  Ca-Al  cl inopyroxene, 

CaAl^SiOg,  at  1.01325  bars  (1  atm) 165 

Table  50.  Thermophysical  values  for  anorthite,  CaA^Si^Og,  at 

1.01325  bars  (1  atm) 166 

Table  51.  Thermochemical  properties  of  anorthite,  CaAl^SigOg,  at 

1.01325  bars  (1  atm) 167 

Table  52.  Thermophysical  values  for  margarite,  CaAl^Si  gO^OH^, 

at  1.01325  bars  (1  atm) 168 

Table  53.  Thermochemical  properties  of  margarite, 

CaAl4Si2010(0H)2,  at  1.01325  bars  (1  atm) 169 


XT 


Page 


Taole  b4.  Thermophysical  values  for  calcite,  CaCO^,  at  1.01325 

oars  (1  atm) 170 

Table  55.  Thermochemical  properties  of  calcite,  CaCO^,  at  1.01325 

bars  (1  atm) 171 

Table  56.  Thermophysical  values  for  aragonite,  CaCO^,  at  1.01325 

bars  (1  atm) 172 

Table  57.  Thermochemical  properties  of  aragonite,  CaCO^,  at 

1.01325  bars  (1  atm) 173 

Table  58.  Thermophysical  values  for  lime,  CaO,  at  1.01325  bars  (1 

atm) 174 

Table  59.  Thermochemical  properties  of  lime,  CaO,  at  1.01325  bars 

(1  atm) 175 

Table  60.  Thermophysical  values  for  stable  phases  with  the 

composition  CaSiO^  at  1.01325  bars  (1  atm) 176 

Taole  61.  Thermochemical  properties  of  stable  phases  with  the 

composition  CaSiO^  at  1.01325  bars  (1  atm) 177 

Table  62.  Thermophysical  values  for  wol lastonite,  CaSiO^,  at 

1.01325  bars  (1  atm) 178 

Table  63.  Thermochemical  properties  of  wol lastonite,  CaSiO^,  at 

1.01325  bars  (1  atm) 179 

Table  64.  Thermophysical  values  for  cycl owol 1 astonite  (= 

"pseudowoll astonite") , CaSiOg,  at  1.01325  bars  (1  atm).  180 
Table  65.  Thermochemical  properties  of  cycl owol 1 astonite  (= 

" pseudowoll astonite" ) , CaSiO^,  at  1.01325  bars  (1  atm).  181 


XT  T 


Page 


Table  66. 
Table  67. 
Table  66. 
Table  69. 
Table  70. 
Table  71. 
Table  72. 
Table  73. 
Table  74. 
Table  75. 
Table  76. 
Table  77. 


Thermophysical  values  for  bicchulite,  Ca2Al2Si06(0H)2s 

at  1.01325  bars  (1  atm) 182 

Thermocheiuical  properties  of  bicchulite, 

Ca2Al^5i06(0H)^,  at  1.01325  bars  (1  atm) 183 

Thermophysical  values  for  gehlenite,  Ca^A^SiOy,  at 

1.01325  bars  (1  atm) 184 

Thermochemical  properties  of  gehlenite,  Ca2Al2Si0y,  at 

1.01325  bars  (1  atm) 185 

Thermophysical  values  for  prehnite,  Ca^A^Si gO^OH^, 

at  1.01325  bars  (1  atm) 186 

Thermochemical  properties  of  prehnite, 

Ca^^SioO^OH^,  at  1.01325  bars  (1  atm) 187 

Thermophysical  values  for  zoisite,  Ca2Al3Si3012(0H) » at 


1.01325  bars  (1  atm) 

Thermochemical  properties  of  zoisite,  Ca^Al^SigO-^ 


(OH), 


188 


at  1.01325  bars  (1  atm) 189 

Thermophysical  values  for  stable  phases  with  the 

composition  Ca^SiO^  at  1.01325  bars  (1  atm) 190 

Thermochemical  properties  of  stable  phases  with  the 

composition  CagSiO^  at  1.01325  bars  (1  atm) 191 

Thermophysical  values  for  al  pha-CagSiO^  at  1.01325  bars 

(1  atm) 192 

Thermochemical  properties  of  al pha-Ca2Si0^  at  1.01325 
bars  (1  atm) 


xi  i i 


193 


Paae 


Tabl e 78. 
Table  79. 
Table  8U. 
Table  81. 
Table  82. 
Tabl e 83. 
Table  84. 
Table  85. 
Table  86. 
TaDle  87. 
Table  88. 
Table  89. 


Thermophysical  values  for  bredigite,  Ca^SiO^,  at 

1.01325  bars  (1  atm) 194 

Thermochemical  properties  of  bredigite,  Ca^SiO^,  at 

1.0132b  bars  (1  atm) 195 

Thermophysical  values  for  Ca-olivine,  Ca^iO^,  at 

1.01325  bars  (1  atm) 196 

Thermochemical  properties  of  Ca-olivine,  Ca^SiO^,  at 

1.01325  bars  (1  atm) 197 

Thermophysical  values  for  larnite,  Ca^SiO^,  at  1.01325 

bars  (1  atm) 198 

Thermochemical  properties  of  larnite,  Ca2Si04,  at 

1.01325  bars  (1  atm) 199 

Thermophysical  values  for  grossular,  Ca^Al 2Si ^0^ > at 

1.01325  bars  (1  atm) 200 

Thermochemical  properties  of  grossular,  Ca^Al-pSi^O-^, 

at  1.01325  bars  (1  atm) 201 

Thermophysical  values  for  hatrurite,  Ca2SiO^,  at 

1.01325  bars  (1  atm) 202 

Thermochemical  properties  of  hatrurite,  Ca^SiO^,  at 

1.01325  bars  (1  atm) 203 

Thermophysical  values  for  rankinite,  Ca^Si^y,  at 

1.01325  bars  (1  atm) 204 

Thermochemical  properties  of  rankinite,  Ca^S^Oy,  at 

1.01325  bars  (1  atm) 205 

i 

* i 

xi  v 


Page 


Table  90.  Thermophysical  values  for  meionite,  Ca^Al^SigO^fCO^)  , 

at  1.01325  bars  (1  atm) 206 

Table  91.  Thermochemical  properties  of  meionite, 

Ca^Al ^Si 5O24 ( CO^ ) , at  1.01325  bars  (1  atm) 207 

Table  92.  Thermophysical  values  for  stable  phases  of  the  element 

iron  (Fe)  at  1.01325  bars  (1  atm) 20b 

Table  93.  Thermochemical  properties  of  stable  phases  of  the 

element  iron  (Fe)  at  1.01325  bars  (1  atm) 209 

Table  94.  Thermophysical  values  for  wustite,  Fe  g^yO,  at 

1.01325  bars  (1  atm) 210 

Table  95.  Thermochemical  properties  of  wustite,  Fe  g^yO,  at 

1.01325  bars  (1  atm) 211 

Table  96.  Thermophysical  values  for  ferrosilite,  FeSiO^,  at 

1.01325  bars  (1  atm) 212 

Table  97.  Thermochemical  properties  of  ferrosilite,  FeSiO^,  at 

1.01325  bars  (1  atm) 213 

Table  98.  Thermophysical  values  for  hematite,  Fe^Op  at  1.01325 

bars  (1  atm) 214 

Table  99.  Thermochemical  properties  of  hematite,  Fe^Og,  at 

1.01325  bars  (1  atm) 215 

Table  100.  Thermophysical  values  for  fayalite,  Fe^SiG^,  at 

1.01325  bars  (1  atm) 216 

Table  101.  Thermochemical  properties  of  fayalite,  Fe^SiO^,  at 

1.01325  bars  (1  atm) 217 


xv 


Page 

Table  102.  Thermophysical  values  for  magnetite,  Fe^O^,  at  1.01325 

bars  (1  atm) 218 

Table  103.  Thermochemical  properties  of  magnetite,  Fe^,  at 

1.01325  bars  (1  atm) 219 

Table  104.  Thermophysi  cal  values  for  the  element  hydrogen  (H^) 

at  1.01325  bars  (1  atm) 220 

Table  105.  Thermochemical  properties  of  the  element  nydrogen  (H^) 

at  1.U1325  oars  (1  atm) 221 

Table  1U6.  Thermophysical  values  for  stable  phases  with  the 

composition  H2Q  at  1.01325  bars  (1  atm) 222 

Table  107.  Thermochemical  properties  of  stable  phases  with  the 

composition  H20  at  1.01325  bars  (1  atm) 223 

Table  108.  Thermophysical  values  for  water,  H^O,  at  1.01325  bars 

(1  atm) 224 

Table  109.  Thermochemical  properties  of  water,  H^O,  at  1.01325 

bars  (1  atm) 225 

Table  110.  Thermophysical  values  for  H20  (ideal  gas),  at  1.01325 

bars  (1  atm) 226 

Table  111.  Thermochemical  properties  of  H20  (ideal  gas),  at 

1.01325  Dars  (1  atm) 227 

Table  H2.  Thermophysical  values  for  stable  phases  of  the  element 

magnesium  (Mg)  at  1.01325  oars  (1  atm) 228 

Table  113.  Thermochemical  properties  of  stable  phases  of  the 

element  magnesium  (Mg)  at  1.01325  bars  (1  atm)  ....  229 


xvi 


Page 


Table  114.  Thermophysical  values  for  magnesite,  MgCOg,  at  1.01325 

bars  (1  atm) 230 

Table  115.  Thermochemical  properties  of  magnesite,  MgCOg,  at 

1.01325  bars  (1  atm) 231 

Table  116.  Thermo  physical  values  for  periclase,  MgO,  at  1.01325 

bars  (1  atm) 232 

Table  117.  Thermochemical  properties  of  periclase,  MgO,  at 

1.01325  bars  (1  atm) 233 

Table  118.  Thermophysical  values  for  orucite,  MglOH)^,  at  1.01325 

bars  (1  atm) 234 

Table  119.  Thermochemical  properties  of  brucite,  Mg(0H)2,  at 

1.01325  bars  (1  atm) 235 

Table  120.  Thermophysical  values  for  Mg  pyroxene,  MgSiOg,  at 

1.01325  bars  (1  atm) 236 

Table  121.  Thermochemical  properties  of  Mg  pyroxene,  MgSiOg,  at 

1.01325  bars  (1  atm) 237 

Table  122.  Thermophysical  values  for  cl  inoenstatite , MgSiOg,  at 

1.01325  bars  (1  atm) 238 

Table  123.  Thermochemical  properties  of  cl inoenstatite,  MgSiOg, 

at  1.01325  bars  (1  atm) 239 

Table  124.  Thermophysical  values  for  enstatite,  MgSiOg,  at 

1.01325  bars  (1  atm) 240 

Table  125.  Thermochemical  properties  of  enstatite,  MgSiOg,  at 

1.01325  bars  (1  atm) 241 


xvi  i 


242 


TaDle  12b. 
Table  127. 
Table  128. 
Table  129. 
Table  130. 
Table  131. 
Table  132. 
Table  133. 
Table  134. 
Table  135. 
Table  136. 
Table  137. 


Thermophysical  values  for  protoenstatite,  MgSiOg,  at 

1.01325  bars  (1  atm)  

Thermochemical  properties  of  protoenstatite,  MgSiOg, 

at  1.01325  bars  (1  atm) 243 

Thermophysical  values  for  forsterite,  Mg^SiO^,  at 

1.01325  bars  (1  atm) 244 

Thermochemical  properties  of  forsterite,  Mg^SiO^,  at 

1.01325  bars  (1  atm) 245 

Thermophysical  values  for  chrysotile,  Mg^Si 2O ^ (OH )^, 

at  1.01325  bars  (1  atm) 246 

Thermochemical  properties  of  chrysotile, 

MggSi gOg(QH)^,  at  1.01325  bars  (1  atm) 247 

Thermophysical  values  for  talc,  MggSi^U^UH^,  at 

1.01325  bars  (1  atm) 248 

Thermochemical  properties  of  talc,  Mg^Si^O^OH^,  at 

1.01325  bars  (1  atm) 249 

Thermophysical  values  for  anthophyl  1 ite , 

MgySigO^OH^,  at  1.01325  bars  (1  atm) 250 

Thermochemical  properties  of  anthophyl  1 ite, 

Mg^SigOgg  (0H)2,  at  1.01325  bars  (1  atm) 251 

Thermophysical  values  for  antigorite, 

M943Sl34°85  ^0H^62’  at  1,01325  bars  C1  atm) 252 

Thermochemical  properties  of  antigorite, 

Mg^gS^QggtOH^j  at  1.01325  bars  (1  atm) 


253 


Page 


Table  13b.  Thermophysical  values  for  the  element  oxygen  (0^)  at 

1.01325  bars  (1  atm) 254 

Table  139.  Thermochemical  properties  of  the  element  oxygen  (0^) 

at  1.01325  bars  (1  atm) 255 

Table  140.  Thermophysical  values  for  stable  phases  of  the  element 

silicon  (Si)  at  1.01325  bars  (1  atm) 256 

Table  141.  Thermochemical  properties  of  stable  phases  of  the 

element  silicon  (Si)  at  1.01325  bars  (1  atm)  257 

Table  142.  Thermophysical  values  for  quartz,  S^,  at  1.01325 

bars  (1  atm) 258 

Table  143.  Thermochemical  properties  of  quartz,  Si0£,  at  1.01325 

bars  (1  atm) 259 

Table  144.  Thermophysical  values  for  cristobal  ite,  SiO^,  at 

1.01325  bars  (1  atm) 260 

Table  145.  Thermcchemical  properties  of  cristobal ite,  SiO^,  at 

1.01325  bars  (1  atm) 261 

Table  146.  Molar  volume  in  cm^/g  of  boehmite,  A100H,  to  1000  K 

and  10,000  bars 262 

Table  147.  Molar  volume  in  cm^/g  of  diaspore,  A100H,  to  1800  K 

and  10,000  bars 262 

Table  148.  Molar  volume  in  cm^/g  of  gibbsite,  Al(OH).,,  to  1000  K 

and  10,000  bars 263 

3 

Table  149.  Molar  volume  in  cm  /g  of  corundum,  A^Og,  to  1800  K 
and  10,000  bars 


263 


Page 


3 

Table  15U.  Molar  volume  in  cm  /g  of  andalusite,  Al^SiO^,  to  1800 

K and  10,000  bars 264 

3 

Table  151.  Molar  volume  in  cm  /y  of  kyanite,  Al^SiO^,  to  1800  K 

and  10,000  bars 264 

3 

Table  152.  Molar  volume  in  cm  / g of  sillimanite,  Al^SiO^,  to  1800 

K and  10,000  bars 265 

3 

Table  153.  Molar  volume  in  cm  /g  of  kaolinite,  Al^S^O^OH)^,  to 

1000  K and  10,000  bars 265 

3 

Table  154.  Molar  volume  in  cm  /g  of  dickite,  A^Si ^O^COH)^,  to 

1000  K and  10,000  bars 266 

3 

Table  155.  Molar  volume  in  cm  /g  of  halloysite,  A^Si^O^OH^,  to 

1000  K and  10,000  bars 266 

3 

Table  156.  Molar  volume  in  cm  /g  of  pyrophyl  1 ite,  Al^Si^O^OH^, 

to  1000  K and  10,000  bars 267 

3 

Table  157.  Molar  volume  in  cm  /g  of  Ca-Al  cl i nopyroxene, 

CaAl^SiOg,  to  1800  K and  10,000  bars 267 

3 

Taole  158.  Molar  volume  in  cm  / g of  anorthite,  CaAl^Si^Og,  to 

1800  K and  10,000  bars 268 

3 

Table  159.  Molar  volume  in  cm  /g  of  margarite,  CaAl^Si^O^OH^, 

to  1000  K and  10,000  bars 268 

Table  160.  Molar  volume  in  cm^/g  of  calcite,  CaCO^,  to  1800  K and 

10,000  bars 269 

3 

Table  161.  Molar  volume  in  cm  /g  of  aragonite,  CaCO^,  to  1800  K 

and  10,000  bars 269 


xx 


Page 


Table  162. 
Table  163. 
Table  164. 
Table  165. 
Table  166. 
Table  167. 
Table  168. 
Table  169. 
Table  170. 
Table  171. 
Table  172. 
Table  173. 


3 

Molar  volume  in  cm  /g  of  lime,  CaO,  to  1800  K and 
10,000  bars 

3 

Molar  volume  in  cm  / g of  wol  1 astonite,  CaSiU^,  to  1800 
K.  and  10,000  bars . . . . 

3 

Molar  volume  in  cm  / g of  cycl owol 1 astonite,  CaSiO^,  to 
1800  K.  and  10,000  bars  

3 

Molar  volume  in  cm  /g  of  bicchulite,  Ca2Al pSiO^OH^, 
to  1000  K and  10,000  bars 

3 

Molar  volume  in  cm  / g of  gehlenite,  Ca2Al2Si0y,  to 
1800  K and  10,000  bars  

3 

Molar  volume  in  cm  /g  of  prehnite,  Ca  2AI  2^i  gO^OH^, 

to  1000  K and  10,000  bars 

Molar  volume  in  cm  /g  of  zoisite,  Ca2Al ^Si 30^2 ^ * t0 

1000  K and  10,000  bars  

3 

Molar  volume  in  cm  /g  of  alpha,  Ca2SiO^,  to  1800  K and 

10,000  bars 

3 

Molar  volume  in  cin  / g of  bredigite,  Ca2SiO^,  to  1800  K 

and  10,000  bars 

3 

Molar  volume  in  cm  /g  of  ca-olivine,  l^SiO^,  to  1800 

K and  10,000  bars 

3 

Molar  volume  in  cm  /g  of  larnite,  Ca2SiO^,  to  1800  K 

and  10,000  bars 

Molar  volume  in  cm  /g  of  grossular,  CagA^SigO^  to 
1800  K and  10,000  bars  


270 

270 

271 

271 

272 

272 

273 

273 

274 

274 

275 


275 


xxi 


Page 


3 

Table  174.  Molar  volume  in  cm  /g  of  hatrurite,  Ca^SiO^,  to  1800  K 

and  10,000  bars 276 

3 

Table  175.  Molar  volume  in  cm  /g  of  rankinite,  Ca^Si^Oy,  to  1800 

K and  10,000  bars 276 

3 

Table  17b.  Molar  volume  in  cm  / g of  meionite,  Ca^Al ^S^O^CO^) , 

to  18UU  K and  1U,UUU  bars 277 

Table  177.  Molar  volume  in  cm^/g  of  wustite,  Fe  947O,  to  1800  K 

and  10,000  bars 277 

3 

Table  178.  Molar  volume  in  cm  /g  of  ferrosilite,  FeSiO^,  to  1800 

K and  10,000  bars 278 

3 

Table  179.  Molar  volume  in  cm  /g  of  hematite,  Fe202,  to  1800  K 

and  10,000  bars 278 

Table  180.  Molar  volume  in  cm^/g  of  fayalite,  Fe^SiO^,  to  1800  K 

and  10,000  bars 279 

3 

Table  181.  Molar  volume  in  cm  / g of  magnetite,  Fe^O^,  to  1800  K 

and  10,000  bars 279 

3 

Table  182.  Molar  volume  in  cm  /g  of  water  and  H^O  (real  gas)  to 

18U0  K and  10,000  bars 280 

Table  183.  Molar  volume  in  cm^/g  of  maynesite,  MyCO^,  to  1800  K 

and  10,000  bars 280 

3 

Table  184.  Molar  volume  in  cm  / g of  periclase,  MgO,  to  1800  K and 

10,000  bars 281 

Table  185.  Molar  volume  in  cm3/g  of  brucite,  Mg(0H)2,  to  1000  K 

and  10,000  bars 281 


xx  i i 


Page 


Table  186. 

Table  187. 

Table  188. 

Table  189. 

Table  190. 

Table  191. 

Table  192. 

Table  193. 

Table  194. 

Table  195. 

Table  196. 
Table  197. 
Table  198. 
Table  199. 


3 

Molar  volume  in  cm  /g  of  cl inoenstatite,  MgSi03,  to 
18UU  K and  10,000  bars  

3 

Molar  volume  in  cm  / g of  enstatite,  MgSiO^,  to  1800  K 
and  10,000  oars 

3 

Molar  volume  in  cm  / g of  protoenstatite,  MgSiO^,  to 
1800  K and  10,000  bars  

3 

Molar  volume  in  cm  /g  of  forsterite,  Mg^SiO^,  to  1800 
K and  10,000  bars 

3 

Molar  volume  in  cm  /g  of  chrysotile,  Mg^S^O^OH)^,  to 

1000  K and  10,000  bars  

Molar  volume  in  cm^/g  of  talc,  Mg^Si  ^^(OH^,  to  1000 
K and  10,000  bars . 

3 

Molar  volume  in  cm  /g  of  anthophyl 1 ite, 

MgySig022 (OH )2 , to  1000  K and  10,000  bars 

3 

Molar  volume  in  cm  / g of  antigorite, 

Mg^gSi 348^5 (OH )^2>  to  1000  K and  10,000  bars  

3 

Molar  volume  in  cm  / g of  quartz,  S^,  to  1800  K and 

10,000  bars 

3 

Molar  volume  in  cm  / g of  cristobal  ite,  Si02>  to  1800  K 

and  10,000  bars 

Sources  of  thermophysical  data  for  boehmite,  A100H  . . 

Sources  of  thermochemical  data  for  boehmite,  A100H  . . 

Sources  of  thermophysical  data  for  diaspore,  A100H  . . 

Sources  of  thermochemical  data  for  diaspore,  A100H  . . 


282 

282 

283 

283 

284 

284 

285 

285 

286 

286 

288 

289 

291 

292 


xx  i i i 


Page 

Table  200.  Sources  of  thermophysical  data  for  gibbsite,  A1(0H)2  . 294 

Table  201.  Sources  of  thermochemical  data  for  gibbsite,  A1(0H)3  . 295 

Table  202.  Sources  of  volumetric  data  for  corundum,  A^O^  ....  297 

Table  2U3.  Sources  of  thermophysical  data  for  andalusite, 

AlzSi05 298 

Table  204.  Sources  of  thermochemical  data  for  andalusite, 

Al^SiU5 299 

Table  205.  Sources  of  thermophysical  data  for  kyanite,  A^SiO^.  . 301 

Table  206.  Sources  of  thermochemical  data  for  kyanite,  Al^SiO^.  . 302 

Table  207.  Sources  of  thermophysical  data  for  sillimanite, 

Al2Si05 304 

Table  208.  Sources  of  thermochemical  data  for  sillimanite, 

Al^SiO^ 305 

Table  209.  Sources  of  thermophysical  data  for  kaolinite, 

Al2Si  205(0H)4 307 

Table  210.  Sources  of  thermochemical  data  for  kaolinite, 

Al2Si205(0H)4 308 

Table  211.  Sources  of  thermophysical  data  for  dickite, 

Al2Si2Ub(UH)4 3U9 

Table  212.  Sources  of  thermochemical  data  for  dickite, 

Al2Si205(0H)4 310 

Table  213.  Sources  of  thermophysical  data  for  halloysite, 

Al2Si205(0H)4 311 

Table  214.  Sources  of  thermochemical  data  for  halloysite, 

Al2Si205(0H)4 312 


Page 


Table  215.  Sources  of  thermophysical  data  for  pyrophyl 1 ite , 

A12Si4uio(UH)2 314 

Table  315.  Sources  of  thermochemical  data  for  pyrophyl  1 ite, 

AlzSi4Ulu(0H)2 315 

Table  217.  Sources  of  thermophysical  data  for  Ca-Al 

cl inopyroxene,  CaAl^SiO^  317 

Table  218.  Sources  of  thermochemical  data  for  Ca-Al 

cl inopyroxene , CaAl^SiO^ 318 

Table  219.  Sources  of  thermophysical  data  for  anorthite, 

CaAl^Si^Og 319 

Table  220.  Sources  of  thermochemical  data  for  anorthite, 

CaAlgSigOg 320 

Table  221.  Sources  of  thermophysical  data  for  margarite, 

CaAl4Si201Q(0H)2  324 

TaDle  222.  Sources  of  thermochemical  data  for  margarite, 

CaAl43i201(J(0H)2 325 

Table  223.  Sources  of  thermoph.ysical  data  for  calcite,  CaCOg.  . . 326 

Taole  224.  Sources  of  thermochemical  data  for  calcite,  CaCOg.  . . 327 

Table  225.  Sources  of  thermophysical  data  for  aragonite,  CaCOg.  . 329 

Table  226.  Sources  of  thermochemical  data  for  aragonite,  CaCOg.  . 330 

Table  227.  Sources  of  volumetric  data  for  lime,  CaO 331 

Table  228.  Sources  of  thermophysical  data  for  wollastonite, 

CaSiOg 333 

Table  229.  Sources  of  thermochemical  data  for  wollastonite. 


xxv 


Table  230. 


Page 

334 


CaSiO^ 

Sources  of  thermophysical  data  for  cycl owol 1 astonite, 

CaSi03  336 

Table  231.  Sources  of  therniochemical  data  for  cycl  owol  1 astonite 

[=  "pseudowol 1 astonite" ) , OaSiO^ 337 

Table  232.  Sources  of  thermophysical  data  for  bicchulite, 

Ca2Al  2Si  06  (OH  339 

Table  233.  Sources  of  thermochemical  data  for  bicchulite, 

Ca2Al2Si06(0H)2 340 

Table  234.  Sources  of  thermophysical  data  for  gehlenite, 

Ca2Al2Si0y 341 

Table  235.  Sources  of  thermochemical  data  for  gehlenite, 

Ca  2A1 2Si  0y 342 

Table  236.  Sources  of  thermophysical  data  for  prehnite, 

Ca2Al2Si3010(0H)2 344 

Table  237.  Sources  of  thermochemical  data  for  prehnite, 

Ca2Al25i301Q(0H)2 345 

Taole  233.  Sources  of  tnermophysical  data  for  zoisite, 

Ca2Al35i3Ul2(0H)  346 

Table  239.  Sources  of  thermochemical  data  for  zoisite, 

Ca2Al3Si3012(0H) 347 

Table  240.  Sources  of  thermophysical  data  for  al  pha-Ca^iO^  . . . 348 

Table  241.  Sources  of  thermophysical  data  for  bredigite,  Ca^iO^.  349 

Table  242.  Sources  of  thermochemical  data  for  bredigite,  Ca^iO^.  350 


xxvi 


Pa^e 


TdDle  243. 

TdDle  244. 
Table  245. 
Table  246. 

Table  247. 

Table  248. 
Table  249. 
Table  250. 

Table  251. 

TaDle  252. 

Table  253. 

Table  254. 
Table  255. 
Table  256. 

Table  257. 


Sources  of  thermophysical  aata  for  Ca-olivine, 

Ca^5iU4 351 

Sources  of  thermophysical  data  for  larnite,  Ca^SiO^.  . 352 

Sources  of  thermochemical  data  for  larnite,  Ca^SiO^.  . 353 

Sources  of  thermophysical  data  for  grossular, 

CagAlgSigO^ 357 

Sources  of  thermochemical  data  for  grossular, 

CagAlgSi  358 

Sources  of  thermophysical  data  for  hatrurite,  CagSiOg.  360 

Sources  of  thermochemical  data  for  hatrurite,  CagSiOg.  361 


Sources  of  thermophysical  data  for  rankinite, 

CagSigOy 363 

Sources  of  thermochemical  data  for  rankinite, 

CagSigOy 364 

Sources  of  thermophysical  data  for  meionite, 

Ca4Al6Sib0Z4(C0g) 365 

Sources  of  thermochemical  data  for  meionite, 

Ca4A16S16°24^C03^ 366 


Sources  of  thermophysical  data  for  wustite,  Fe  g^yQ.  . 368 
Sources  of  thermochemical  data  for  wustite,  Fe  g^yO.  . 369 
Sources  of  thermophysical  data  for  ferrosillite, 

FeSiOg 371 

Sources  of  thermochemical  data  for  ferrosi 1 1 ite, 

FeSiOg 372 


xxv  i i 


Table  258. 
Table  259. 
Taule  2bU. 
Table  2bl. 
Table  262. 
Table  263. 
Table  264. 
Table  265. 
Table  266. 
Table  267. 
Table  268. 
Table  269. 

Table  270. 

Table  271. 

Table  272. 
Table  273. 

Table  274. 

Table  275. 


Page 

Sources  of  thermophysical  data  for  hematite,  Fe203  . . 374 

Sources  of  thermochemical  data  for  hematite,  Fe^  . . 375 

Sources  of  thermophysical  data  for  fayalite,  Fe^SiU^  . 377 

Sources  of  thermochemical  data  for  fayalite,  Fe^SiO^  . 378 

Sources  of  thermophysical  data  for  magnetite,  Fe-^O^.  . 380 

Sources  of  thermochemical  data  for  magnetite,  Fe^O^.  . 381 

Sources  of  thermophysical  data  for  magnesite,  MgCO^.  . 384 

Sources  of  thermochemical  data  for  magnesite,  MgCO^.  . 385 

Sources  of  thermophysical  data  for  periclase,  MgO.  . . 387 

Sources  of  thermophysical  data  for  brucite,  Mg(0H)3.  . 388 

Sources  of  thermochemical  data  for  brucite,  Mg(0H)3.  . 389 

Sources  of  thermophysical  data  for  cl i noenstatite, 

MgSi03  390 

Sources  of  thermochemical  data  for  cl inoenstatite, 

ivigSi03  391 

Sources  of  tnermophysical  data  for  orthoenstatite, 

MgSi03  392 

Sources  of  thermochemical  data  for  enstatite,  MgSi03  . 393 
Sources  of  thermophysical  data  for  protoenstatite, 

MgSi03  394 

Sources  of  thermochemical  data  for  protoenstatite, 

MgSi03  395 

Sources  of  thermophysical  data  for  forsterite, 

Mg?SiO^ 397 


xxv i i i 


Page 


Table  276.  Sources  of  thermochemical  data  for  forsterite, 

Mg2Si04 398 

Table  277.  Sources  of  thermophysical  data  for  chrysotile, 

Mg3$i2Ub(UH)4 400 

Taole  278.  Sources  of  thermochemical  data  for  chrysotile, 

My3Si2U5(0H)4 4U1 

Table  279.  Sources  of  thermophysical  data  for  talc, 

Mg3Si401Q(0H)2  402 

Table  280.  Sources  of  thermochemical  data  for  talc, 

Mg3Si4010(0H)2  403 

Table  281.  Sources  of  thermophysical  data  for  anthophyl 1 ite , 

Mg7Sig022(0H)2  405 

Table  282.  Sources  of  thermochemical  data  for  anthophyl 1 ite, 

Mg7s18°22 (°H )2  406 

Table  283.  Sources  of  thermophysical  data  for  antigorite, 

Mg3Si205(0H)4 408 

Table  284.  Sources  of  thermochemical  data  for  antigorite, 

409 

Table  28b.  Sources  of  volumetric  data  for  quartz,  Si 0^ 411 

Table  28b.  Sources  of  data  on  tne  alpha  - beta  transition  in 

quartz.  Si 02 412 

Table  287.  Sources  of  thermophysical  data  for  cristobal ite,  S i 0 ^ . 413 

Table  288.  Constants  for  energy-rel ated  functions  in  section 

1.5.3 414 


Page 


TdDle  Zb9.  constants  for  volume-related  functions  in  section 


l.b.3 


419 


XXX 


Li st  of  Figures 


Page 

Figure  1.  Plots  of  the  percentage  errors  for  estimates  from  the 
oxide-summation  method  against  the  percentage  errors 
for  estimates  from  the  fictive  component  method  for  85 

sets  of  heat-capaci ty  data 42 

Figure  2.  Plots  of  the  percentage  errors  for  estimates  from  the 
oxide  summation  method  against  the  percentage  errors 
for  estimates  from  the  fictive  component  method  for  45 
sets  of  molar  calorimetric  entropy  data  at  298.15  K . . 44 

Figure  3.  Plot  of  the  experimental  and  estimated  heat  capacities 

for  an  illite  sample  used  by  Robi e and  others  (1976).  . 49 

Figure  4.  Plot  of  experimental  and  estimated  relative  enthalpies 

(Hj  - 1^293^5)  for  acmite  (NaFe+^si 20g) 53 

Figure  5.  Error  (observed  value  - calculated  val  ue)/preci  si  on 
as  a function  of  temperature  for  the  differential 
scanning  calorimeter  measurements  of  heat  capacity 

for  anorthite 68 

Figure  6.  Error  (observed  value  - calculated  val  ue)/preci  si  on  as 
a function  of  temperature  for  the  reaction:  Kaolinite 

+ 2 Quartz  = Pyrophyllite  + Steam 70 

Figure  7.  Gibbs  energy  of  reaction  as  a function  of  absolute 

temperature  for  the  reaction:  Kaolinite  + 2 Quartz  = 

Pyrophyllite  + Steam 71 

Figure  8.  Gibbs  energy  difference  of  phases  indicated  relative 

to  bredigite  at  1.01  bars 355 


xxx  i 


. 


OUTLINE : 


CHAPTER  1:  THERMODYNAMIC  AND  THERMOPHYSICAL  PROPERTIES 

OF  MINERAL  COMPONENTS  OF  BASALTS 


by 

Gilpin  R.  Robinson,  Jr.,  John  L.  Haas,  Jr., 
Constance  M.  Schafer,  and  H.  T.  Haselton,  Jr. 


1.1.  Introduction 

1.2.  Physical,  Chemical,  and  Mineralogical  Characteristics  of  Flood  Basalt 

1.2.1.  Introduction 

1.2.2.  Major  Constituents 

1.2.3.  Alteration  Products 

1.3.  Thermodynamic  and  Thermophysical  Properties 

1.3.1.  Introduction 

1.3. 1.1.  Definitions,  notation,  and  nomenclature 

1.3. 1.2.  Types  of  data  used  in  study 

1.3. 1.2.1.  Low-temperature  calorimetry 

1.3. 1.2. 2.  Di fferential -scanning  calorimetry 

1.3. 1.2.3.  Drop  calorimetry 

1.3. 1.2.4.  X-ray  crystal  1 ography 

1.3. 1.2. 5.  Relative-volume  measurements 

1.3. 1.2.6.  Enthal py-of-reaction  measurements 

1.3. 1.2. 7.  Phase-equilibria  experiments 

1.3. 1.2.8.  Electromotive-force  measurements 

1.3.2.  Calculation  of  Estimated  Thermophysical  Properties  of  Rocks 

and  Minerals:  Heat  Capacity,  Relative  Enthalpy,  and  Calori- 

metric Entropy  of  Silicate  Minerals  and  Specific  Heat  of 


Silicate  Rocks 


i 


1.3.2. 1. 

Introduction 

1.3. 2.2. 

Evaluation  of  fictive  molar  properties 

1.3. 2. 2.1.  Introduction 

1.3. 2. 2. 2.  Fitting  procedure 

1.3. 2. 2. 3.  Results 

1.3. 2. 3. 

Procedures  to  calculate  estimated  molar  heat  capaci 
ties,  relative  enthalpies  and  calorimetric  molar 
entropies  for  minerals 

1.3. 2. 3.1.  Heat  capacity 

1.3. 2. 3. 2.  Relative  enthalpy 

1.3. 2. 3. 3.  Entropy 

1.3. 2. 4. 

Procedure  to  calculate  estimated  specific  heats  for 
rocks 

1.3.3.  Evaluated  Thermodynamic  and  Thermophysical  Properties  of 

Selected  Mineral  Phases  in  the  MgO-SiC^-E^O-CC^,  CaO-Al  203- 
Si  02-H20-C02,  and  Fe-Fe0-Fe203-Si02-H20  Chemical  Systems 


1.3.3. 1. 

Introduction 

1.3. 3. 2. 

Fitting  procedure 

1.3. 3. 3. 

Data  entry 

1.3. 3.4.  Weighting  of  experimental  data 


1 . 3. 3. 5. 

Data  rejection 

1 .3.3.6. 

Preparation  of  tables  and  summaries 

1.3. 3. 7. 

Confidence  limits 

.4.  References 


1.5.  Appendix  - Thermodynamic  Tables  and  Summaries 

1.5.1.  Chemical  Index  to  Tables  and  Summaries 

1.5.2.  Mineral  Index  to  Tables  and  Summaries 

1.5.3.  Functions  Describing  Thermophysical  Properties  as  a 
Function  of  Pressure  and  Temperature 

1.5.4.  Tables  of  Mineral  Thermodynamic  and  Thermophysical 
Properties  at  101.325  kPa  (1  atm) 

1.5.5.  Summaries  of  Data  Sources,  Standard  State  Properties,  and 
Fitted  Functions  Describing  Mineral  Thermodynamic  and 
Thermophysical  Properties 


1.5.5. 1. 

A1 , aluminum 

1.5. 5. 2. 

A100H 

1.5. 5. 2.1. 

Boehmi te 

1.5. 5. 2. 2. 

Di aspore 

1 . 5. 5. 3. 

A1 (OH ) 3 , gibbsite 

1.5. 5. 4. 

AI2O3,  corundum 

1.5. 5. 5. 

A1 2$i O5 

1. 5. 5. 5. 1 . 

Andal usite 

1. 5. 5. 5. 2. 

Kyanite 

1. 5. 5. 5. 3. 

Si  1 1 imanite 

1. 5.  5. 6. 

A1  2S i 205(01-1)4 

1.5. 5. 8.1. 

Kaol inite 

1.5. 5. 6. 2. 

Di ckite 

1.5. 5. 6. 3. 

Hal  1 oysite 

1.5. 5. 7. 

A1 2si 4O10 (OH ) 2 , pyrophyl 1 i 

1.5. 5. 8. 

C,  graphite 

1.5. 5. 9. 

CO,  carbon  monoxide 

1.5.5.10. 

CO2,  carbon  dioxide 

1.5.5.11. 

Ca,  calcium 

1.5.5.12. 

CaA^SiOg,  Ca-Al  cl  i nopyroxene 

1.5.5.13. 

CaA^Si^Og,  anorthite 

1.5.5.14. 

CaA^SigO^gCOHjgj  margarite 

1.5.5.15. 

CaCOg 

1.5.5.15.1.  Cal  cite 

1.5.5.15.2.  Aragonite 

1.5.5.16. 

CaO,  lime 

1.5.5.17. 

CaSi O3 

1.5.5.17.1.  Wollastonite 

1.5.5.17.2.  Cycl owol 1 astonite  (=  "pseudo 
wol 1 astonite") 

1.5.5.18. 

Ca2Al 2Si05(0H)2,  bicchulite 

1.5.5.19. 

Ca2Al2Si0g,  gehlenite 

1.5.5.20. 

Ca2Al 2Si30io(OH)2>  prehnite 

1.5.5.21. 

Ca2Al 3Si 30^2 C0H ) > zoisite 

1.5.5.22. 

Ca2Si O4 

1.5.5.22.1.  A1 pha-Ca2Si O4 

1.5.5.22.2.  Bredigite 

1.5.5.22.3.  Ca  olivine 

1.5.5.22.4.  Larnite 

1.5.5.23. 

Ca3Al 2Si30^2’  grossular 

1.5.5.24. 

Ca3Si05,  hatrurite 

1.5.5.25. 

Ca3Si-207,  rankinite 

1.5.5.26. 

Ca4Al6Sig024(C03) , meionite 

1.5.5.27. 

Fe,  iron 

1.5.5.28. 

Fe>9470,  wustite 

1.5.5.29. 

FeSi03,  ferrosilite 

1.5.5.30. 

Fe203,  hematite 

1.5.5.31. 

Fe2Si04,  fayalite 

1.5.5.32. 

Fe304,  magnetite 

1.5.5.33. 

H2,  hydrogen 

1.5.5.34. 

H2O,  water  and  the  ideal  and  real  gases 

1.5.5.35. 

H4Si04,  silicic  acid 

1.5.5.36. 

Mg,  magnesium 

1.5.5.37. 

MgC03»  magnesite 

1.5.5.38. 

MgO,  periclase 

1.5.5.39. 

m9 ( OH ) 2 > brucite 

1.5.5.40. 

MgSi03,  cl inoenstati te,  enstatite,  and  proto- 
enstatite 

1.5.5.41. 

Mg2Si04,  forsterite 

1.5.5.42. 

Mg3Si205(0H)4,  chrysotile 

1.5.5.43. 

Mg3Si 4O10 (0H ) 2 » ta^c 

1.5.5.44. 

MgySi 8O22 (^H ) 2 > anthophyl 1 i te 

1.5.5.45. 

M948Si34°85(0H)62»  antigorite 

1.5.5.46. 

02,  oxygen 

1.5.5.47. 

Si,  silicon 

1.5.5.48. 

Si  02 

1.5.5.48.1.  Quartz 

1.5.5.48.2.  Cristobalite 

V 


1 .6.  Symbol s and  Units 

1.7.  Fundamental  Constants,  Defined  Constants,  and  Conversion 
Factors  from  Non-SI  Units  to  SI  Units 


vi 


CHAPTER  1 


THERMODYNAMIC  AND  THERMOPHYSICAL  PROPERTIES 
OF  MINERAL  COMPONENTS  OF  BASALTS 

Gilpin  R.  Robinson,  Jr.,  and  John  L.  Haas,  Jr. 

Constance  M.  Schafer  and  H.  T.  Haselton,  Jr. 

National  Center  for  the  Thermodynamic  Data  of  Minerals, 

U.S.  Geological  Survey,  Reston,  VA  22091 

1.1.  Introduction 

The  thermal  and  chemical  environment  of  a potential  nuclear  waste 
repository  must  be  known  and  understood  before  an  intelligent  decision 
can  be  made  regarding  radioactive  waste  storage.  A properly  evaluated 
set  of  thermodynamic  data  can  provide  some  of  the  needed  information. 
This  report  contains  a tabulation  of  thermodynamic  and  thermophysical 
properties  for  selected  phases  in  the  Mg0-Si02-H20-C02,  Fe-Fe0-Fe203~ 
Si02>  and  CaO-Al 203-Si02-H20-C02  chemical  systems  and  presents  the  pro- 
cedure used  to  evaluate  the  internally  consistent  set  of  thermodynamic 
data  for  minerals. 

The  chapter  is  divided  into  five  sections.  The  first  section  is 
a brief  introduction.  The  second  section  summarizes  the  chemical  and 
physical  character  of  basalt  rock  and  identifies: 

1.  a generalized  chemical  system  describing  the  rock  type, 

2.  major  mineral  constituents, 

3.  minor  mineral  constituents,  and 

4.  common  alteration  phases. 

The  third  section  describes  the  procedure  used  to  evaluate  the  inter- 
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nally  consistent  set  of  thermodynamic  and  thermophysical  properties 
for  mineral  phases  presented  as  tables  in  the  Appendix.  A procedure 
to  estimate  thermophysical  properties  of  minerals  and  rocks  is 
described.  Section  4 contains  reference  citations  to  the  sources  of 
data  used  in  the  evaluation,  and  section  5 (Appendix)  contains  tables 
of  thermodynamic  and  thermophysical  properties  for  selected  phases 
and  critiques  the  specific  sources  of  information  used  in  the  evalua- 
tion of  these  properties. 
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1.2.  Physical,  Chemical,  and  Mineralogical  Characteristics 

of  Flood  Basalt 

1.2.1.  Introduction 

Flood  basalt  occurs  as  sheets  of  rapidly  cooled  basaltic  lava 
erupted  from  a volcanic  center  in  continental  basement.  Individual 
sheets  typically  have  great  areal  extent  and  range  between  less  than 
1 meter  to  100  meters  in  thickness. 

The  model  chemical  systerm  is  Ca0-(Na20)-Fe0-(Fe203)-Mg0-Al 2O3- 
Si02-(H20,C02).  A typical  analysis,  norm,  and  mode  is  given  in  table 
1. 

1.2.2.  Major  Constituents 


The  major  constituents  consist 
Phenocrysts  typically  account  for  0 
with  matrix  comprising  the  remainde 
some  basalt  units,  usually  near  the 

1.  Phenocrysts  usually  are: 

01 ivine 

Forsterite 
Fayal ite 
PI  agiocl  ase 
Anorthite 
A1 bite 

2.  Matrix,  which  typically  is 

Cl i nopyroxene 


of  phenocrysts  and  matrix  phases, 
to  10  percent  of  the  rock  volume 
Gas  bubbles  (vesicles)  occur  in 
top  surface  of  the  flow. 

- typically  For  90:Fay  10 

- Mg2Si04 
Fe2Si04 

- typically  Ano  60 : A1 b 40 
CaAl 2^ i 20g 

NaAl Si 3O3 

a microcrystalline  intergrowth  of: 

- typically  pigeonite  - approxi- 
mately Cen  46 : Cf s 38:Dio  9:Hed  7 
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Table  1.  Representative  flood  basalt  composition,  norm,  and  mode 


Oxide  wt.  % 

Basalt3 

Norm  (wt.  %) 

(calculated 

from  chemical 

composition ) 

Chemical 

composition 

Quartz 

3.9 

Si02 

53.3 

K-feldspar 

8.9 

Ti02 

2.0 

A1  bite 

25.2 

a12°3 

13.9 

Anorthite 

20.0 

Fe2°3 

2.6 

Oiopside 

13.9 

FeO 

9.3 

Hypersthene 

15.3 

MnO 

0.2 

Ilmenite 

3.3 

MgO 

4.1 

Magnetite 

3.7 

CaO. 

7.9 

Apatite 

0.9 

Na20 

3.0 

TOTAL 

98.6 

k2o 

1.5 

Mode 

h2o 

1.2 

(measured) 
(volume  %) 

P205 

0.4 

Plagioclase 

<1 

TOTAL 

99.9 

Orthopyroxene 

<5 

Cl inopyroxene 

<5 

01  i vine 

<5 

Matrix 

>90b 

An  content  of 

Plagioclase 
(mole  S) 

63 

TOTAL 

100.0 

aAverage  Yakima  basalt  (analysis  b,  p.  593),  Columbia  River 
Plateau,  Washington-Oregon , Waters,  1961. 


^Matrix  comprises:  intergrown  microcrystall ine  cl inopyroxene 

(pigeonite),  orthopyroxene,  and  plagioclase  with  minor  cristobalite 
(listed  in  order  of  decreasing  abundance). 
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Diopside 

- CaMg(Si03)2 

Hedenbergite 

- CaFe(Si03)2 

Cl inoenstatite 

- MgSi O3 

Cl inoferrosil ite 

- FeSiC>3 

Hypersthene 

- approximately  Ens  60:Fes  40 

Enstatite 

- Mg  S i 0 3 

Ferrosil ite 

- FeSi03 

Plagioclase 

Anorthite 

- CaAl 2Si 2O3 

A1  bite 

- NaAl Si 3O3 

1.2.3.  Alteration  Products 


Alteration  products  typically  occur  in  vesicles  or  along  fractures 
and  flow-unit  contacts  in  basalts.  The  low-  and  intermediate-tempera- 
ture alterations  are  temperature-induced  responses  to  heated  fluids 
moving  through  the  rock,  and  most  of  the  alteration  phases  require  the 
addition  of  either  water  or  carbon  dioxide  to  the  rock.  The  inter- 
mediate- and  high-temperature  alterations  are  a result  of  thermal  meta- 
morphism of  the  rock  body.  Basalts  which  have  experienced  thermal 
metamorphism  may  show  pervasive  alteration. 

1.  Low  temperature  (T  < 250°C)  reactions  typically  produce  the 
following  minerals: 

- CaCOg 

- CaMg(C03)2 

Ca2FeAl 2Si 30^2(0^)  ~ Ca2Al 3Si 3O ^2(0^) 

- Ca2Al 2si 3°io(OH) 2 


Cal  cite 
Do! omite 

Epidote  - Zoisite 
Prehnite 
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Lawsoni te 
Zeol ites 

- CaAl 2Si 20y(0H)2*  H2O 

Laumonti te 

- CaAl  2S  i 40-^2  ’ H2O 

Heulandite 

- Ca  A1 2^  i yO  ^ g * 6H  2O 

Analcite 

- NaAl Si 206  *H20 

Wai rakite 

— CaAl  2Si  40-^2  ’ 2H2O 

2. 

Intermediate  temperature  (T  < 375°C)  reactions  typically  | 

duce  the 

following  minerals: 

Cal  cite 

CaCOg 

Dol omite 

- CaMg ( CO3 ) 2 

A1  bite 

NaAlSi^Og 

Zoi site 

- Ca2Al 3Si 3012(0H) 

Chlorite  (Cl inochl ore) 
Amphibole 

- MggAl 2si 3°10(0H)4 

Tremol ite 

- Ca2Mg5Sig022(0H)2 

Actinol ite 

- Ca2Fe5Sig022(0H)2 

Anthophyl 1 ite 

- Mg7Sig022(0H)2 

3. 

High  temperature  (T  > 

350°C)  reactions  typically  produce 

following 

3 minerals: 

Amphibole 

commonly  Hornblende  - NaxCa2(Mg,Fe 

A1x+4ysi8-x-2y°22(0H)2 
x * 0-1,  y « 0.5 

Garnet 

typically  Almandine  or  Grossular 

Grossular 

Ca3Al 2Si 3012 

Almandine 

FegAl 2Si 3O12 

Pyrope 

MggAl 2Si 3O12 
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Cl i nopyroxene 


Hedenbergite 

CaFe(Si03)2 

Diopside 

- CaMg(Si03)2 

Ca-Al  Clino- 

pyroxene 

- CaAl 2Si 0g 

Wol 1 astonite 

- CaSi03 

Othopyroxene 

Enstatite 

- MgSi03 

Ferrosil ite 

- FeSi03 

01 ivine 

Forsteri te 

- Mg2Si04 

Fayal ite 

- Fe2Si O4 

Spi nel 

Magnetite 

- Fe304 

7 


1.3.  Thermodynamic  and  Thermophysical  Properties 
1.3.1.  Introduction 
1.3. 1.1.  Definitions  and  notation 

Heat  capacity  is  defined  as  the  quantity  of  heat  required  to  raise 
the  temperature  of  a unit  quantity  of  a substance  one  degree  kelvin  at 
constant  pressure.  The  heat  capacity  is  generally  normalized  per  unit 
mass  or  per  unit  volume  of  the  substance.  "Specific  heat"  is  defined 
as  the  heat  capacity  per  gram  of  the  substance.  "Molar  heat  capacity" 
is  defined  as  the  heat  capacity  per  gram  formula  weight  of  the  sub- 
stance. "Thermal  capacity"  is  defined  as  the  heat  capacity  per  unit 
volume  of  the  substance. 

Thermodynamic  properties  of  an  extensive  nature,  such  as  volume, 
heat  capacity,  entropy,  enthalpy,  and  Gibbs  energy,  will  be  presented 
in  units  normalized  per  molar  quantity  of  each  phase.  This  choice  is 
convenient  since  the  thermodynamic  properties  describing  reactions 
among  minerals  are  easily  expressed  and  calculated  in  "molar"  units. 
"Specific  heat"  will  be  used  to  describe  the  thermal  properties  of 
rocks  and  mineral  aggregates. 

Relative  enthalpy  is  defined  as  the  quantity  of  heat  required  to 
change  the  temperature  of  a unit  quantity  of  substance  from  a reference 
temperature  (Tr)  to  a measurement  temperature  (T).  Relative  enthalpy 
is  related  to  heat  capacity  by  the  following  thermodynamic  identity. 

T 

Hf  - Hjr  = / Cp  dT  (1 ) 

Tr 
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Calorimetric  entropy  is  defined  as 


ST  " s0 


TC 

= / ^dT 

0 


T 


(2) 


and  is  determined  from  experimental  low-temperature  heat-capacity  data. 

Thermodynamic  entropy,  Sj,  is  defined  as  the  sum  of  calorimetric 
entropy  and  residual  entropy,  Sq.  Non-zero  values  for  residual  entropy 
can  arise  from  configurational  entropies  related  either  to  disorder  among 
crystal lographic  sites  or  molecular  disorder,  or  to  the  lack  of  signifi- 
cant magnetic  ordering  at  those  temperatures  reached  by  the  heat  capacity 
measurements. 

Molar  volume,  V,  is  defined  as  the  volume  occupied  by  one  mole  of 
a phase  and  is  a function  of  pressure  and  temperature.  Enthalpy,  as  a 
function  of  temperature  and  pressure,  is  related  to  heat  capacity  and 
molar  volume  by  the  thermodynamic  identity 


hT,P 


T P 

H0  + / Cp  dT  + / 
o Pref 


(vt  - T(fr)p)  dp 


(3) 


where  H0  is  the  zero  point  contribution  to  enthalpy  at  the  reference 
state  pressure.  Entropy,  as  a function  of  pressure  is  related  to  molar 
volume  by  the  thermodynamic  identity 

ST,P  = ST,Pref  ' J (ff>P  dP‘  (4) 

pref 

Gibbs  energy  is  related  to  enthalpy  and  entropy  by  the  thermodynami c 
identity 
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GT,P  = HT,P  - T ST,P- 


(5) 


The  isobaric  coefficient  of  thermal  expansion,  ap,  and  the  iso- 
thermal coefficient  of  compressibility,  are  related  to  molar  volume 
by  the  following  identities 


Data  from  three  general  categories  of  experimental  techniques  have 
been  used  in  the  evaluation  of  the  heat  capacity,  relative  enthalpy,  and 
calorimetric  entropy.  Data  from  low-temperature  calorimetry  was  used  in 
the  evaluation  to  supply  accurate  values  of  heat  capacity,  at  tempera- 
tures generally  200-300  K,  and  calorimetric  entropy  at  298  K.  Data  from 
differential  scanning  calorimetry  was  used  to  supply  values  of  heat 
capacity  at  temperatures  300-800  K.  Data  from  drop  calorimetry  was  used 
to  evaluate  mineral  heat  capacities  and  relative  enthalpies  at  tempera- 
tures generally  300-1800  K. 

Volume  as  a function  of  temperature  and  pressure  may  be  measured 
directly,  as  in  x-ray  crystallography,  or  determined  as  a change  in 
volume  under  changing  pressure  and  temperature  conditions  from  a 
reference  state  (relative  volume  measurements). 

Data  from  enthal py-of-reacti on  measurements,  including  solution 
calorimetry  and  combustion  calorimetry,  measure  the  enthalpy  of  a phase 
relative  to  other  phases. 


(6) 


(7) 


1.3. 1.2.  Types  of  data  used  in  study 
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Data  from  phase-equilibrium  experiments  and  EMF  measurements  supply 


measurements  of  the  Gibbs  energy  of  a phase  relative  to  other  phases. 

The  simultaneous  evaluation  procedure  followed  in  this  study  and 
the  relationships  among  thermodynamic  properties  shown  in  equations  1 
to  7 allow  the  direct  measurement  of  individual  thermodynamic  pro- 
perties to  supply  indirect  constraints  on  the  permissible  values  of 
the  other  thermodynami c properties. 

1.3. 1.2.1.  Low-temperature  calorimetry 

Low-temperature  calorimetry  is  used  to  obtain  accurate  heat  capaci- 
ties and  calorimetric  entropies  for  substances  at  temperatures  generally 
below  300  K.  McCullough  and  Scott  (1968,  Ch.  4-5)  provide  an  excellent 
description  of  the  design  and  operation  of  low-temperature  cal orimeters . 
The  heat  capacity  of  an  unknown  sample  is  determined  by  accurately 
measuring  the  heat  energy  (electrical)  added  to  a sample  in  a calorimeter 
to  change  its  temperature  by  a measured  amount.  The  calorimeter  is 
cooled  to  its  initial  low  temperature  by  a liquified  gas,  often  helium. 
The  calorimeter  is  shielded  to  minimize  heat  exchange  between  the 
calorimeter  and  its  surroundings.  The  heat  capacity  of  the  sample  is 
determined  at  closely  spaced  temperature  intervals,  using  the  formula: 


dE 


,dE^  dT 
cal 


MC 


dT 
p cTt 


where  E is  heat  energy 


(dE) 

vdT'cai  is  the  heat  effect  of  the  calorimeter  as  temperature 
is  changed 
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t is  time 


T is  temperature  (kelvin) 

M is  mass  of  sample/molar  weight  of  sample 
Cp  is  heat  capacity  of  sample 

The  temperature  range  of  operation  is  generally  between  5 and  300  K, 
with  a precision  better  than  0.1  percent  for  heat  capacity.  The 
calorimetric  entropy  (Sj-S0)  is  determined  using  the  formula: 

T 

ST  - S0  = / Cp/T  dT. 

0 

The  precision  of  measurement  is  generally  better  than  0.2  percent. 

Data  from  1 ow-temperature  calorimetry  was  used  to  constrain  the 
evaluation  for  entropy  and  for  heat  capacity  of  structural  components 
above  200  K. 

1.3. 1.2. 2 Differential  Scanning  Calorimetry 

McNaughton  and  Mortimer  (1975)  provide  an  excellent  description 
of  the  operation  and  use  of  a differential  scanning  calorimeter  to 
measure  heat  capacity.  Differential  Scanning  Calorimetry  (DSC)  is 
used  to  determine  the  heat  capacity  of  a substance  by  measuring  the 
differential  heat  flow  required  to  maintain  the  sample  and  an  inert 
reference  material  at  the  same  temperature,  when  both  are  heated.  The 
sample  and  reference  are  subjected  to  a programmed  linear  temperature 
change,  and  the  rates  of  heat  flow  into  the  sample  and  reference  are 
proportional  to  their  instantaneous  specific  heat.  Heat  capacity  as 
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a function  of  temperature  can  be  obtained  by  evaluating  the  differ- 
ential rate  of  heat  flow  between  the  sample  and  reference,  as  a 
function  of  temperature,  using  the  formula: 


where  E is  heat  energy 
t is  time 

T is  temperature  (kelvin) 

M is  mass  of  sample/mol  wt.  of  sample 

Cp  is  molar  heat  capacity  of  the  respective  materials 

Subscript  s refers  to  sample  material 

Subscript  r refers  to  reference  material. 

The  heat  capacity  of  the  reference  material  is  known. 

The  temperature  range  of  operation  is  generally  between  300  and 
800  K (27-527°C),  with  a precision  of  measurement  estimated  to  be 
better  than  1.0  percent  and  often  as  low  as  0.3%. 


The  enthalpy  change  of  a substance  is  determined  by  measuring  the 
heat  flow  from  a sample  as  it  is  dropped  from  a known  temperature  into 
a calorimeter  held  at  a constant  reference  temperature.  McCullough 
and  Scott  (1968,  Ch.  8)  provide  an  excellent  description  of  drop 
calorimetry.  The  heat  capacity  of  the  sample  can  be  determined  from  a 
series  of  drop  calorimetry  measurements  with  differing  initial  tempera 
tures  by  evaluating  the  differential  enthalpy  changes  as  a function 
of  temperature  using  the  formula: 


(r)  (dT/dt )(r)  (dE/dt)(s) 


(sj  (dT/dt) (s ) fdE/dtj (r) 


1.3. 1.2.3.  Drop  calorimetry 
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d(nT  - Hrr) 

dT  = Mcp 

where  Hj  - Hj  is  the  measured  enthalpy  change  between  the  sample 
r 

at  the  initial  temperature  and  reference  tempera- 
ture, corrected  for  the  heat  effects  of  the  sample 
contai ner 

T is  temperature  (kelvin) 

M is  mass  of  sample/molecular  weight  of  sample 
Cp  is  molar  heat  capacity  of  sample 

The  temperature  range  of  operation  is  generally  between  273  and 
1600  K (0  to  1327°C),  with  a precision  of  measurement,  on  modern  equip- 
ment, estimated  to  be  0.2  percent.  The  precision  of  measurement  from 
older  literature  sources  is  estimated  to  be  approximately  0.5  percent. 

1.3. 1.2. 4.  X-ray  crystal  1 ography 

The  measurement  of  molar  volume  by  x-ray  crystal  1 ography  is  based 
upon  the  determination  of  crystallographic  lattice  dimensions  from  the 
diffraction  of  a collimated  beam  of  monochromatic  x-rays  that  is 
scattered  by  atoms  in  the  crystal  lattice.  A general  description  of 
measurement  techniques  is  provided  by  Krishnan  and  others  (1979)  and 
Hazen  (1976a).  Volume  measurements  at  temperatures  above  room  tempera- 
ture are  generally  produced  using  a heating  mechanism  and  a calibrated 
thermocouple  to  measure  sample  temperature.  The  temperature  range  of 
measurement  is  generally  between  298  and  1400  K (24-1127°C)  depending 
upon  the  stability  of  the  sample  and  equipment  design.  Volume  measure- 
ment at  pressures  greater  than  1 atmosphere  are  generally  produced 
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using  a minature  diamond  pressure  cell  (Merrill  and  Bassett,  1975). 
Pressures  are  generated  by  squeezing  the  sample  and  an  internal 
standard  between  two  diamond  plates,  and  sample  pressures  are  deter- 
mined by  measuring  the  lattice  parameters  of  the  internal  standard 
whose  volume  properties  as  a function  of  pressure  are  known.  The 
pressure  range  of  measurement  is  generally  between  10,000  and  100,000 
bars,  depending,  again  on  sample  stability  and  equipment  design.  The 
measurement  of  lattice  dimensions  using  the  x-ray  technique  has  a 
precision  of  measurement  generally  between  0.02  and  0.5  percent  of 
the  measured  value,  and  typically  is  approximately  0.1  percent  of  the 
observed  value.  The  precision  of  temperature  determination  is  gener- 
ally better  than  10°C,  and  the  precision  of  pressure  measurement  is 
generally  between  1000  and  2000  bars. 

1.3. 1.2. 5.  Relative-volume  measurements 

The  measurement  of  molar  volume  by  relative-volume  techniques  is 
based  upon  the  determination  of  a change  in  volume  or  linear  dimensions 
of  a sample  and  container  as  pressure  or  temperature  is  changed  from 
reference  conditions.  A general  description  of  techniques  for  relative- 
volume  measurements  as  a function  of  temperature  is  given  by  Krishnan 
and  others  (1979).  The  sample  is  heated  from  a reference  temperature 
to  a measurement  temperature,  and  sample  temperature  is  generally 
determined  from  a calibrated  thermocouple  attached  to  the  sample.  The 
volume  change  is  determined  by  accurately  measuring  the  change  in 
linear  dimensions  of  the  sample.  The  change  in  linear  dimensions  can 
frequently  be  measured  with  a precision  better  than  1 percent  (depend- 
ing upon  calibration  and  equipment  design),  with  a precision  of 
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temperature  measurement  better  than  ± 10°C.  The  range  of  measurement 
is  generally  between  298  and  1400  K (24-1127°C). 

A general  description  of  techniques  to  measure  relative  volume  as 
a function  of  pressure  is  given  by  Vaidya  and  Kennedy  (1970).  The 
sample  is  packed  in  a container  and  placed  in  a pressure  bomb  of  known 
volume  filled  with  a hydrostatic  pressure  medium  (a  fluid  or  solid 
with  low-yield  strength).  Pressure  is  increased  from  a reference 
pressure  by  displacement  of  a piston  into  the  pressure  bomb  chamber, 
and  pressures  are  measured  by  gauge.  The  volume  change  is  determined 
from  the  displacement  of  the  piston  after  correcting  for  the  volume 
compressibility  of  the  pressure  medium  and  sample  container.  The 
range  of  measurement  is  generally  between  1000  bars  and  50,000  bars, 
with  a precision  of  pressure  measurement  generally  between  100  and 
1000  bars.  The  precision  of  relative  volume  measurement  is  approxi- 
mately 1 percent. 


1.3. 1.2. 6.  Enthal py-of-reaction  measurements 

The  enthalpy  of  reaction  between  phases  is  determined  by  measuring 
the  heat  effects  of  a reaction  or  a step-wise  series  of  reactions  in  a 
calorimeter  of  similar  design  to  those  described  in  sections  1.3. 1.2.1 
and  1.3. 1.2. 3.  Combustion  calorimetry  directly  measures  the  enthalpy 
of  reaction  between  a known  quantity  of  a phase  (usually  an  element) 
and  a known  quantity  of  gas  during  sustained  combustion.  Solution 
calorimetry  indirectly  measures  the  enthalpy  of  reaction  among  phases 
by  measuring  the  heat  effects  of  dissolution  of  a known  quantity  of 
"product"  phases  of  the  reaction  in  a solvent  versus  the  heat  effects 
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of  dissolution  of  a known  quantity  of  "reactant  phases"  in  the  solvent. 
Since  the  solution  formed  from  the  dissolution  of  product  and  reactant 
phases  are  identical,  the  enthalpy  of  reaction  between  reactant  and 
product  phases  is  equal  to  the  difference  of  the  heat  effects  of  the 
dissolution  reactions.  Low-temperature  (generally  between  298  and 
370  K)  solution  calorimetry  generally  utilizes  HF  as  the  solvent  for 
silicate  minerals.  Problems  with  use  are  the  slow  dissolution  rates 
of  some  phases  and  the  non-equilibrium  precipitation  of  fluoride  phases 
during  the  dissolution  process.  High-temperature  (generally  between 
900  and  1100  K)  solution  calorimetry  generally  utilizes  molten  salts 
(often  borates)  as  the  solvent. 

In  borate-melt  solution  calorimetry,  the  volume  ratio  of  solvent 
to  reactant  phase  is  very  large.  Since  the  solvent  melts  remain 
essentially  "isochemical"  during  the  dissolution  process,  it  has  been 
assumed  that  the  heat  of  mixing  effects  between  the  "reactant"  com- 
ponents in  the  solvent  will  be  negligably  small.  This  simplifies  the 
determination  of  the  enthalpy  of  reaction  among  phases  since  the 
enthalpy  of  reaction  can  be  computed  from  the  sum  of  the  heat  effects 
of  dissolution  of  each  of  the  reactant  phases  in  pure  solvent  minus 
the  sum  of  the  heat  effects  of  dissolution  of  each  of  the  product 
phases.  The  precision  of  measurement  varies  between  0.3  and  2 percent 
of  the  observed  value,  depending  upon  the  kinetics  of  the  dissolution 
process  and  equipment  design. 
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1.3. 1.2. 7.  Phase  equilibria  experiments 


Phase  equilibria  experiments  measure  the  Gibbs  energy  of  a phase 
by  reference  to  the  Gibbs  energy  of  other  phases,  which  together  define 
a reaction  monitored  by  experiment.  Edgar  (1973)  and  Ulmer  (1971)  pro- 
vide descriptions  of  equipment  and  techniques  used  in  phase  equilibria 
experiments.  Two  types  of  experiments  are  typically  performed  to 
measure  phase  equilibria. 

1.  In  the  reaction-reversal  technique,  pressure,  temperature,  and 
the  direction  of  a univarient  reaction  is  measured.  By  determining  two 
closely  spaced  pressure-temperature  points  between  which  the  reaction 
reverses  direction,  a narrow  interval  bracketing  a point  where  the  free 
energy  of  reaction  among  the  assembled  phases  is  zero  has  been  deter- 
mined. The  direction  of  reaction  is  frequently  determined  by  starting 
the  experiment  with  a mixture  of  product  and  reactant  phases  and  using 
some  technique  on  the  result  of  the  experiment  to  determine  the  increase 
or  decrease  in  abundance  of  each  of  the  assembled  phases  (often  x-ray 
analysis,  or  weight  loss-weight  gain  studies  of  individual  phases).  If 
x-ray  analysis  is  used,  the  minimum  amount  of  change  in  abundance  of  a 
phase  that  can  be  measured  is  approximately  five  percent,  by  volume. 

2.  In  the  acti vi ty-measurement  technique,  pressure,  temperature, 
and  the  composition  (activity)  of  a phase  (or  phases)  of  variable  com- 
position is  measured  in  a divariant  assemblage  of  phases.  If  the  com- 
position-activity relationship  is  known  for  the  phase  of  variable  com- 
position, and  the  assemblage  of  phases  has  reached  equilibrium,  then  the 
free  energy  of  reaction  among  an  idealized  assemblage  of  phases  of  fixed 
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composition  can  be  calculated  for  the  measured  pressure  and  temperature 
conditions.  Examples  of  this  technique  are  the  silicic  acid  experi- 
ments of  Hemley  and  others  (1977a,  1977b,  1980),  the  vapor  pressure 
measurements  of  H2O  equilibrated  with  periclase  and  brucite  (Kennedy, 
1956;  Fyfe,  1958;  Barnes  and  Ernst,  1963),  and  the  vapor  pressure 
measurements  of  CO2  equilibrated  with  periclase  and  magnesite  (Marc 
and  Simek,  1913).  An  essential  feature  of  this  technique  is  the 
demonstration  that  equilibrium  among  phases  has  been  achieved  during 
the  experiment.  This  can  be  done  by  setting  up  duplicate  experiments 
at  a pressure-temperature  condition  using  initial  compositions  of  the 
variable  phase  which  bracket  the  equilibrium  composition  (eq.  Hemley 
and  others,  1977b).  Equilibrium  among  phases  can  be  inferred  from 
experiments  which  monitor  the  composition  of  the  variable  phase  as  a 
function  of  time.  At  times  greater  than  the  time  in  which  no  or  little 
change  can  be  observed  in  the  composition  of  the  variable  phase, 
equilibrium  can  be  presumed. 

The  precision  of  measurement  in  phase-equilibrium  experiments  is 
controlled  by  the  dilligence  of  the  experimentalist,  kinetics  of  reac- 
tions, and  measurement  uncertainties  of  temperature,  pressure,  phase 
composition,  and  abundance  of  phases.  The  precision  of  measurement  of 
temperature  and  pressure  is  approximately  ± 1 to  10°C,  and  ± 100  to  500 
bars  for  pressures  less  than  8000  bars,  and  ± 500  to  1000  bars  for 
pressures  greater  than  8000  bars.  The  precision  of  measurement  of  com- 
position or  change  in  abundance  of  phases  depends  upon  the  design  of 
the  equipment,  but  typically  is  a few  percent  of  the  variable  measured. 
The  temperature-pressure  window  bracketing  a reaction  reversal  is  com- 
monly measured  with  a precision  of  ± 5-20°C  and  ± 100-1000  bars. 
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1.3. 1.2. 8.  Electromotive-force  measurements 


In  electromotive  force  (EMF)  measurements,  the  Gibbs  energy  of  a 
reaction  is  determined  by  measuring  the  electrochemical  potential  for 
ion  migration  through  an  electrolyte  (which  is  an  impervious  barrier 
to  everything  else)  separating  assemblages  of  phases  which  are  either 
1)  unstable  with  respect  to  each  other,  or  2)  both  define  an  activity 
of  the  mobile  ion.  The  book.  Electromotive  Force  Measurements  in 
Hi gh-Temperature  Systems  (Alcock  (ed.),  1968),  supplies  a description 
of  equipment  and  techniques  frequently  used  in  the  measurement  of  EMF. 

A high  impedence  potentiometer  is  used  to  measure  the  potential 
energy.  The  electromotive  potential  is  related  to  free  energy  by  the 
rel ati onshi p 


1 


k 

E - -n#.1  N' 


where  N-j  is  the  stoichiometric  coefficient  for  the  ith  phase  and 
is  positive  for  products  and  negative  for  reactants. 

G-j  is  the  Gibbs  energy  of  the  ith  phase, 

E is  electromotive  potential, 
is  the  Faraday  constant, 
k is  the  number  of  phases  in  the  reaction,  and 
n is  the  number  of  electrons  transferred  during  the 
reacti on . 

The  precision  of  measurement  of  electrochemical  potential  is 
generally  ± 1 millivolt  but,  under  special  conditions,  can  be  as  small 
as  ± 0.1  millivolt.  The  precision  of  measurement  is  related  to  the 
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kinetics  of  the  reaction,  with  kinetically  fast  reactions  having  better 
precision.  Failure  to  accurately  determine  free  energy  of  reaction 
from  EMF  measurements  usually  results  from  the  following  problems: 

1.  electrical  conductivity  of  the  electrolyte  (varies  with  tem- 
perature and  electrical  potential), 

2.  slow  kinetics  of  reaction  (varies  with  temperature),  and 

3.  junction  potentials,  or  poor  electrical  contacts. 

Problem  3 usually  generates  a systematic  error  in  all  measurements,  but 
the  errors  should  be  different  for  different  electrochemical  cells  or 
equipment  designs. 

1.3.2.  Calculation  of  Estimated  Thermophysical  Properties 
of  Rocks  and  Minerals:  Heat  Capacity, 

Relative  Enthalpy,  and  Calorimetric 
Entropy  of  Silicate  Minerals  and 
Specific  Heat  of  Silicate  Rocks 

1.3.2. 1.  Introduction 

The  heat  capacity  of  rocks  and  minerals  must  be  known  to  evaluate 
data  on  both  thermochemical  and  thermophysical  properties.  The  heat 
capacity  of  minerals  is  needed  to  describe  their  entropy,  enthalpy,  and 
Gibbs  energy  properties  as  a function  of  temperature.  The  specific 
heats  of  minerals  and  rocks  are  needed  to  evaluate  data  on  thermal 
diffusivity  and  to  calculate  thermal  diffusivity  as  a function  of  tem- 
perature. 

The  experimental  heat  capacity  measurements  are  lacking,  inadequate, 
or  unreliable  for  many  minerals  and  for  most  rocks.  In  these  cases,  the 
heat  capacity  and  calorimetric  entropy  must  be  estimated. 


21 


The  standard  molal  heat  capacity  and  calorimetric  entropy  of 
minerals  at  temperatures  greater  than  298  K have  often  been  approxi- 
mated by  summing,  in  appropriate  proportions,  the  standard  molal  heat 
capacity  and  calorimetric  entropy  of  their  constituent  oxide  formula 
groups.  The  realization  that  the  heat  capacity  of  most  substances  is 
approximately  equal  to  the  sum  of  the  heat  capacities  of  its  con- 
stituent oxides  or  elements  is  quite  old  and  can  be  traced  back  to 
Kopp's  Law.  More  accurate  estimates  often  can  be  obtained  by  a mineral 
summation  technique,  in  which  the  standard  molar  heat  capacity  or 
entropy  of  reaction  among  oxides  and  silicates  of  similar  structural 
class  is  assumed  to  be  zero  or  a function  of  atomic  mass,  ionic  size 
and  charge,  and/or  molar  volume  (Helgeson  and  others,  1978). 

The  general  validity  of  these  approaches  indicates  that  the 
standard  molar  heat  capacity  and  calorimetric  entropy  of  minerals  can 
be  accurately  estimated  by  summing,  in  appropriate  proportions,  fictive 
molar  heat  capacities  and  calorimetric  entropies  for  the  constituent 
structural  groups  in  minerals.  This  approach  offers  several  advantages 
over  other  estimation  techniques.  The  following  problems  with  the 
other  estimation  techniques  are  eliminated: 

1.  The  mineral  summation  techniques  are  path  dependent.  Results 
differ  depending  upon  the  specific  minerals  in  structural  classes  which 
are  used  to  derive  estimates. 

2.  The  mineral  summation  technique  produces  discontinuities  in 
the  estimated  heat  capacity  whenever  phases  in  the  summation  have  a 
lambda  transition  or  phase  inversion  in  the  temperature  interval  of 
interest. 
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The  following  improvements  are  offered: 

1.  improved  accuracy  relative  to  oxide-summation  or  mineral- 
summation  techniques  because  the  coordination  of  the  cation  is 
accounted  for, 

2.  the  ability  to  estimate  heat  capacity  and  calorimetric  entropy 
even  through  data  on  representative  minerals  in  similar  structural 
classes  is  not  available,  and 

3.  anomalies  in  the  properties  of  reference  phases  or  in  the 
oxides  have  been  removed  through  averaging  over  a large  body  of  data. 

1.3. 2. 2.  Evaluation  of  fictive  molar  properties 
1.3. 2. 2.1.  Introduction 

Fictive  molar  heat  capacities  and  fictive  molar  entropies  are  the 
average  molar  heat  capacities  and  molar  entropies  of  an  oxide  component 
in  a given  coordination  within  the  oxygen  framework  of  the  phase. 

Under  this  definition,  Mg  in  4-fold,  6-fold,  and  8-fold  coordination 
are  listed  as  MgO-4,  MgO-6,  and  MgO-8,  respectively.  They  are  assumed 
to  have  different  contributions  to  the  heat  capacity  or  entropy  of  the 
phases  in  which  they  are  found.  The  values  for  each  were  found  by 
least-squares  evaluation  as  will  be  described  below. 

1.3. 2. 2. 2.  Fitting  procedure 

The  heat  capacity  and  entropy  properties  of  the  fictive  structural 
components  of  mineral  phases  have  been  evaluated  following  the  pro- 
cedure described  by  Haas  and  Fisher  (1976)  and  Haas  (1974).  The 
approach  and  procedure  given  there  have  been  followed  closely  and  will 
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not  be  described  here  in  detail.  The  following  description  summarizes 
the  evaluation  procedure: 

1.  Literature  search 

a.  Review  of  literature  for  data  that  define  the  heat 
capacity  and  calorimetric  entropy  properties  of  a phase  or  a group  of 
phases. 

b.  Close  scrutiny  of  each  citation  to  determine: 

(1)  what  was  physically  observed,  and 

(2)  with  what  precision  was  it  observed. 

2.  Refinement  cycle 

a.  Comparison  of  data  with  related  data  (heat  capacity,  rela- 
tive enthalpy)  for  mineral  phases  described  in  terms  of  structural  com- 
ponents using  weighted,  simultaneous,  multiple,  least-squares 
regression. 

b.  Review  of  the  pertinent  literature  where  data  are  found 
not  to  be  in  agreement. 

c.  Removal  of  assumed  or  apparently  erroneous  data  from  the 
set  of  data  being  fit  by  the  regression. 

d.  Repeat  of  steps  a through  c until  all  discordant  data  have 
been  identified  and  removed. 

The  mathematical  model  used  in  the  regression  in  step  2a  is  based 
on  equation  8 for  the  heat  capacity  of  mineral  phases  at  constant 
pressure. 


cp(phase  a)  ~ s Ni  ^p,i 
i 


(8) 
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where:  ttj  represents  the  stoichiometric  coefficient  of  the  ith 

fictive  structural  component  in  mineral  phase  a;  and 
Cpsi  represents  the  heat  capacity  function  for  the  ith 
fictive  structural  component  (the  superscript  (°)  is 
used  here  to  denote  properties  of  the  fictive  com- 
ponents) ; 


c. 


C° 


g . 


= a • + 2b-  T - — + f • + 

■ ■ 1 -2  ' T ‘ + 1/2 


where:  a-j  , b-j  , c-j  , f-j  , and  g-j  are  fitted  coefficients  for  the 

fictive  structural  component  and  T is  temperature  in 
kel  vi  ns . 

Equation  9 is  a restatement  of  equation  6 in  Haas  and  Fisher  (1976). 

The  mathematical  model  used  in  regression  step  2a  to  fit  relativ 
enthalpy  is  based  on  the  thermodynamic  identity 


HT(phase  b)  - HTr(phase  a) 


□(phase  b)  ~ •"  ^p(pnase  a) 


In  the  case  where  phases  a and  b are  identical  , the  mathematical 
model  used  to  fit  relative  enthalpy  is 

(Hr  - Hr  )(phase  a)  = I Ni  (H?  j - Hf  T ) 
r i r 

where:  N-;  represents  the  stoichiometric  coefficient  oc  the  ith 

structural  component  in  mineral  phase  a,  and 
(H2}t  - H5  ,T  ) represents  the  relative  enthalpy 

contribution  of  tne  ith  fictive  structural  component. 


<Hi,T  - Hf,Tp)  ■ MT  * Tr)  + bi<T2  - V)  - 

ci(T  *17)  + J fi(j3  - Tr3)  + 29i  (T1/2  - Tr1/2)  (11) 

where:  Tr  represents  the  reference  temperature  of  the  relative 

enthalpy  measurement. 

In  the  case  where  phases  a and  b are  not  identical  (a  phase  inver- 
sion occurs  during  the  measurement  process),  the  mathematical  model 
used  to  fit  relative  enthalpy  is 

(HT(phase  a)  - (phase  b))  = AHr  + - N-j  (Hf#j  - Hf  j ) 

r -j  r 

(12) 

where:  Hr  is  the  enthalpy  of  reaction  of  phase  b to  phase  a, 

and  the  other  terms  are  the  same  as  in  equations  10 
and  11. 

Equation  12  is  valid  because,  for  all  phases  studied  to  date,  phase 
inversions  rapid  enough  to  occur  during  a drop  calorimetry  measurement 
do  not  involve  a change  in  structural  components. 

The  mathematical  model  used  in  the  regression  step  2a  to  fit 
calorimetric  entropy  (at  298.15  K)  is 

(St-  S())(phase  a)  = 2 ^i  S®  (13) 

i 

where:  N-j  represents  the  stoichiometric  coefficient  of  the  ith 

fictive  structural  component  in  mineral  phase  a,  and 
represents  the  calorimetric  entropy  contribution  of 
the  ith  fictive  structural  component. 
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Sf 


a^  In  T + 2b-j  T - 


+ e-j  + 


29i 

t1/2 


ci 


fi  T‘ 


(14) 


Equations  9,  11  and  14  are  smoothing  functions  and  have  no  theo- 
retical basis  beyond  the  thermodynamic  identities  shown  in  equations  1 
and  2.  In  our  work,  data  at  temperatures  below  200  K were  not  con- 
sidered. Above  200  K,  the  functions  readily  describe  most  data.  In 
order  to  avoid  overfitting  of  the  data,  nonsignificant  constants  have 
been  eliminated  from  the  general  equation  wherever  they  were  not  needed 
to  describe  the  properties  of  a phase  or  fictive  component.  This  is 
particularly  common  for  the  f^  term  in  equation  9.  Removal  of  this 
term  eliminated  any  rapid  excursions  of  the  calculated  values  in  the 
temperature  region  around  and  above  the  highest  experimental  tempera- 
ture. Equations  9,  11,  and  14  have  been  fit  within  the  temperature 
range  represented  for  each  fictive  structural  component  and  should  not 
be  extended  indiscriminately  to  higher  or  lower  temperatures. 

Haas  (1974)  described  the  mechanics  used  to  fit  the  model  to 
discrete  experimental  observations  in  detail.  The  typical  problem 
includes  the  following  information: 

1.  Title  for  problem. 

2.  Control  codes  to  identify  the  options  used. 

3.  Number  and  labels  for  the  phases  (structural  components)  in 
the  problem. 

4.  Sets  of  data  being  fit. 

a.  Name  of  the  set  and  reference. 
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b.  Control  codes  related  to  the  observation  and  to  data 

editing. 

c.  Label (s)  for  the  phase(s),  the  stoichiometric  coeffi- 
cient^) and  any  pertinent  data  on  polymorphs. 

d.  Data  as  given  in  the  reference. 

(1)  Temperature  (and  correction  factor  if  needed  to  con- 
vert to  kelvins). 

(2)  Observed  value  (and  correction  factor  if  needed  to 
convert  to  joules,  etc.). 

(3)  Precision. 

(4)  Second  independent  variable  (if  needed). 

5.  Constants  of  equation  8 above  for  each  of  the  reference  phases 
as  well  as  the  trial  constants  for  the  structural  components  for  which 
the  properties  are  being  refined. 

6.  Control  parameters  for  the  error  plots. 

The  input  format  is  designed  to  reduce  manual  conversions  before 
entry  into  the  computer  for  fitting. 

Data  were  weighted  by  the  reciprocal  of  the  precision;  the  higher 
(smaller  in  magnitude)  the  precision,  the  higher  (larger  in  magnitude) 
the  weight.  The  use  of  weighting  served  two  purposes.  First,  it 
allowed  the  simultaneous  fitting  of  different  properties  that  have 
large  variations  in  magnitude.  An  example  is  the  simultaneous  fitting 
of  relative  enthalpy  data  that  could  exceed  7 Megajoules  and  heat 
capacity  data  that  are  generally  less  than  1 Kilojoule.  Second, 
weighting  constrained  the  solution  towards  the  more  precise  observ- 
ations. This  was  particularly  desirable  where  precise  data  from 
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low-temperature,  adiabatic  calorimetry  were  being  matched  with  the 
less  precise  data  from  differential  scanning  calorimetry  or  from  drop 
calorimetry. 

The  author's  stated  precision  was  used  in  the  first  fitting  of  a 
data  set  from  a particular  reference.  In  subsequent  cycles  this  would 
be  modified  j_f  logic  or  other  data  showed  the  author's  estimate  to  be 
abnormally  small. 

1.3. 2. 2. 3.  Results 

The  data  used  in  the  evaluation  of  the  fictive  component  proper- 
ties is  summarized  in  table  2.  Table  3 lists  the  structural  components 
for  common  silicate  minerals.  Table  4 gives  the  coefficients  for  the 
heat-capacity  function,  equation  9,  and  for  the  entropy  function, 
equation  14.  They  are  given  for  the  20  different  fictive  components 
allowed  in  this  study.  Figure  la  and  b contrast  the  standard  errors 
of  estimate  for  86  data  sets  using  the  fictive  molar  heat-capacity 
summation  and  the  oxide  heat-capacity  summation,  respectively.  The 
dashed  lines  represent  a 2-percent  error  of  estimate  for  the  data 
sets.  On  figure  la,  only  15  sets,  a little  more  than  17  percent,  lie 
outside  the  2-percent  brackets.  On  figure  lb,  35  sets,  a little  less 
than  41  percent,  lie  outside  the  2-percent  bracket.  Clearly,  an  esti- 
mate using  the  summation  of  the  fictive  component  heat  capacities  is  a 
significant  improvement  over  a summation  using  the  oxide  heat  capaci- 
ties. Because  the  mi neral -summation  technique  of  Helgeson  and  others 
(1978)  is  pathdependent , a similar  analysis  is  not  available. 
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Epidote  relative  enthalpy  10  335-1100  Kiseleva  and  others,  1974 
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Nepheline  heat  capacity  10  206-296  Kelley  and  others,  1953 

entropy  1 298  Kelley  and  others,  1953 
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Phase  Property  observa-  range  Reference 
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heat  capacity  11  298-730  Perkins  and  others,  1980 

entropy  1 298  Maas  and  others,  1980 


Taole  3.  Structural  factors  for  common  silicate  minerals 


Mineral  group/components 

Coordi nation 
number 

Di  scussion 

1.  Olivine  group  - A2Si04 

A site  - Mg+2  t Fe+2,  Ni+2,  Ca+2  t Mri+2 

6 

Si O2  site 

4 

2.  Garnet  group  - A3B2Si 30^2 

A site  - Ca*2  , Fe+2,  Mg+2 , Mn*2 

8 

3 site  - Al+3  f Fe+3 , Mn+3 

6 

Si O2  site 

4 

3.  Mica  group  - '^o.iY2-3(z4°lo) (0H)2 

W site  - K+1  , Na+1  , Ca+2  , H30+1 

3-12* 

♦Coordination  number 
of  3 used  for  Na  and 

Y site  - Al*3,  Fe*2,  Mg+2,  Fe*3 

6 

Ca , 3 used  for  K i n 
muscovite , and  6 used 

Z site  - Si+4,  A1+3 

4 

for  K in  phlogopite 
i n eval uation  of  com- 

OH  site  - Hydroxyl 

- 

ponent  properties. 

4.  Silica  polymorphs  - SiO?,  quartz, 
tridymite,  cri stobal 1 te~ 

Si  02 

4 

. 

5.  Feldspar  group  - XZ4O3 

X site  - , Na+1  , Ca*2 

6-9* 

*7  used. 

Z site  - Si"1-4  , A1+3 

4 

6.  Pyroxenoid  group  - A2Z2O5 

A site  - Ca+2t  Fe+2,  Mg+2 

6 

Z site  - Si  +4 

4 
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Table  3. 


Conti nued 


Mineral  group/components 

Coordi nati on 
number 

Oi scussion 

7.  Pyroxene  group  - ABZ?0g  (C2/C  symmetry) 

A si te  - Ca+2 , 

8 

A site  - Mg+2 , Fe+2 

6 

3 site  - Mg+2  , Fe+Z  , A1+3 

6 

Z site  - Si*4 , Al+3 

4 

3.  Kaolinite  group  - *2-3^205(0^04 

M site  - Al+3,  Mg+2,  Fe+2 , Fe+3 

6 

Z site  - Si+4,  Al+3 

4 

OH  site  - nydroxyl 

- 

9.  Aluminosilicate  minerals  - A8Si?0c 
(andalusite,  kyanite,  sillimanite) 

A site  - Al*3 

A,  5,  S* 

♦Coordination  numbers 
of  4 , 3 , and  5 used 

3 site  - A1  +3 

6 

for  sill imanite , 

andal usi te  , and 

3 i O2  site 

4 

kyanite,  respectively 
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Table  4.  Component  coefficients  to  estimate  mineral  heat  capacity  and  entropy  (joules/mol .-kelvin) 
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Figure  1.  Plots  of  the  percentage  errors  for  estimates  from  the  oxide- 
summation  method  against  the  percentage  errors  for  estimates 
from  the  fictive  component  method  for  85  sets  of  heat-capacity 
data.  Eash  (+)  symbol  represents  the  percentage  standard 
error  of  estimate  for  each  data  set  over  the  temperature 
range  of  each  set.  The  dashed  lines  on  figure  a emphasize 
2-percent  error  for  estimates  using  the  fictive  component 
method.  The  dashed  lines  on  figure  b emphasize  2-percent 
error  of  estimates  using  the  oxide  summation  method.  Less 
than  half  as  many  sets  lie  outside  of  the  2-percent  envelope 
for  the  fictive  component  method  than  do  for  the  oxide  summa- 
tion method. 
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Figure  2a  and  b contrast  the  standard  errors  of  estimate  for  45 
data  sets  using  the  fictive  molar-entropy  summation  and  the  oxide- 
entropy  summation,  respectively.  The  dashed  lines  represent  a 5- 
percent  error  of  estimate  for  the  data  sets.  On  figure  2a,  only  7 
sets,  approximately  16  percent,  lie  outside  the  5-percent  brackets. 

On  figure  2b,  20  sets,  approximately  44  percent,  lie  outside  the  5- 
percent  bracket. 

1.3. 2. 3.  Procedures  to  calculate  estimated  molar  heat  capacities, 
relative  enthalpies,  and  calorimetric  molar 
entropies  for  minerals 

1.3. 2. 3.1.  Heat  capacity 

The  molar  heat  capacity  of  silicate  minerals  as  a function  of 
temperature  can  be  estimated  using  equations  8 and  9.  The  coefficients 
ai , b-j , Cj , fi  , and  g-j  for  each  structural  component  i can  be  found 
in  table  4.  Table  3 contains  a list  of  common  silicate  minerals 
defined  in  terms  of  their  structural  components.  Other  information 
regarding  the  structure  of  silicate  minerals  can  be  found  in  Papike 
and  Cameron  (1976)  and  Ulbrich  and  Waldbaum  (1976). 

As  an  example,  table  5a  shows  the  calculation  procedure  for  esti- 
mating the  heat  capacity  of  illite  of  the  composition  given  in  column 
2.  Part  a of  the  table  shows  the  steps  to  get  the  moles  of  each  oxide 
using  the  generalized  formula: 

( K,  Na  ,H30)x+y  [Al  4_x  ( Fe ,Mg ,Ca ,Mn )x ][Si  g_y_z  Ti  i ( Al  ,Fe  )y  ]02Q  ( OH  ,F  )4 

The  procedure  will  work  for  any  other  acceptable  generalized  formula. 
Part  b of  the  table  shows  the  procedure  for  getting  the  constants  for 
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Figure  2.  Plots  of  the  percentage  errors  for  estimates  from  the  oxide 
summation  method  against  the  percentage  errors  for  estimates 
from  the  fictive  component  method  for  45  sets  of  molar 
calorimetric  entropy  data  at  298.15  K.  The  dashed  lines  on 
figure  a emphasize  5-percent  error  of  estimates  using  the 
fictive  component  method.  The  dashed  lines  on  figure  b 
emphasize  5-percent  error  of  estimates  using  the  oxide 
summation  method.  Less  than  half  as  many  sets  lie  outside 
of  the  5-percent  envelope  for  the  fictive  component  method 
than  do  for  the  oxide  summation  method. 
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Table  5, 

part  a. 

Conversion  of 
to  the  number 
oxide 

the  illite 
of  moles  of 

analysis 

each 

Oxide 

Wt  % 

Mol  wt 

Mol s i n 
100  g 
sampl e 

Adjusted 
mol  s 

( wt  % \ 
mol  wt 

(n) 

Si  02 

51.62 

60.0843 

0.8591 

7.0202 

T i 0 2 

0.92 

79.899 

0.0115 

0.0939 

Fe?03 

1.63 

159.692 

0.0102 

0.0834 

AT  2°3 

23.96 

101.9613 

0.2350 

1.9203 

FeO 

0.29 

71.8764 

0.0040 

0.0327 

MgO 

3.83 

40.3044 

0.0950 

0.7763 

CaO 

0.47 

56.0794 

0.0084 

0.0686 

MnO 

0.01 

70.9374 

0.0001 

0.0008 

Na20 

0.14 

61.975 

0.0023 

0.0188 

k2o 

8.12 

94.195 

0.0862 

0.7044 

h2o+ 

5.00 

18.0152 

0.2775 

2.2676 

F 

0.74 

18.9984 

0.0390 

0.3187 

h2o_ 

2.90 

- 

P205 

0.09 

- 

Subtotal 

99.72 

Less  0 

0.31 

Total 

99.41 
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Table  5,  part  b.  Calculation  of  the  constants  aj,  a2,  a3»  ag,  and  a-j  for 

use  in  equations  8 and  9 to  calculate  the  heat  capacity 
of  illite  of  the  composition  given  in  part  a of  this 
tabl  e 


Structural 

Component 

n‘ 

n ' *a.j 

n ' *b.j 
xl0+3 

n ' *c.j 
xlO-5 

n'-fi 

xlO+s 

n ' *9i 
xlO"3 

Si 02-4 

7.1141 

778.16 

-19.7481 

0.0 

0.0 

-7.70493 

T i 02  included  ■ 

in  Si 02-4 

Fe203~4 

0.0834 

26.56 

-4.0814 

0.34785 

21.4434 

-0.27588 

A1 2O3-4 

0.3596 

56.45 

2.2826 

0.0 

0.0 

-0.49345 

A1 2O3-6 

1.5607 

347.63 

-12.8048 

0.0 

0.0 

-3.84644 

FeO-6 

0.0328 

2.66 

0.0 

0.0 

0.0 

-0.02138 

MgO-6 

0.7763 

69.82 

-2.4789 

0.0 

0.0 

-0.67734 

CaO-8 

0.0686 

5.74 

-0.2044 

0.01349 

0.0 

-0.04915 

MnO  included  in  FeO-6 

Na20-8 

0.0188 

1.09 

0.2342 

0.0 

0.0 

-0.00086 

K20-12 

0.7044 

5.44 

37.1334 

0.0 

0.0 

0.46270 

H2O  hydrate 

0.4269 

24.30 

0.0 

0.0 

0.0 

-0.11264 

H2O  hydroxyl 

1.8407 

237.68 

-11.0667 

11.63451 

0.0 

-3.02854 

F 

0.3187 

4.45 

4.0878 

0.0 

0.0 

0.0 

^0“  corrected 

by  Robie 

and  others  to  remove 

effect. 

P2O5  neglected 

in  these 

calculations. 

a 

b 

c 

f 

9 

Constants  for 

1559.98 

-6.6463 

11.99585 

21.4434 

-15.74791 

equation  2 

xlO-3 

xl0+5 

xlO-5 

xl0+3 
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illite  of  the  cited  composition  for  use  in  equations  8 and  9,  above. 

The  analysis  was  chosen  because  1)  Robie  and  others  (1976)  used  this 
sample  to  measure  the  heat  capacity  between  15  and  380  K and  2)  these 
data  were  not  used  to  evaluate  the  estimation  functions  given  on  table 
4.  The  detailed  steps  for  the  calculation  are  as  follows: 

1.  Divide  the  weight  percent  (table  5a,  column  2)  of  the  oxide  in 
the  analysis  by  the  molecular  weight  of  that  oxide  (table  5a,  column  3) 
to  get  the  number  of  moles  (table  5a,  column  4)  in  a 100-gram  sample. 

2.  If  we  neglect  the  alkalis  K,  Na,  and  H3O,  the  number  of  cation 
sites  total  12.  Again,  neglecting  the  alkalis,  the  sum  of  moles  of 
cations  in  column  4 for  the  100  grams  of  illite  is  1.4685.  In  order  to 
adjust  the  100  grams  up  to  be  equivalent  to  the  above  formula,  multiply 
all  values  in  column  3 by  (12/1.4685)  or  8.17160.  These  results  are 
shown  in  column  5.  The  amount  of  P2O5  and  "H2O-"  in  the  analysis  was 
neglected  because  the  P 2O 5 content  was  low  and  because  the  heat  capaci- 
ties for  the  illite  as  given  by  Robie  and  others  in  their  table  6 had 
already  been  adjusted  for  the  adsorbed  water.  Part  b of  table  5 con- 
tinues the  calculation. 

3.  Column  1 gives  the  structural  components  for  which  there  are 
functions.  Column  2 gives  the  adjusted  moles  for  each  of  these  struc- 
tural components.  Note  that  there  are  no  structural  components  for 

Ti O2  and  MnO.  These  have  been  approximated  by  adjusting  the  moles  of 
SiC>2-4  and  FeO-6.  In  this  analysis,  these  corrections  are  minor.  Had 
the  T i O2  on  MnO  contents  of  the  mineral  been  a major  part,  such  proxies 
would  not  necessarily  work. 

4.  The  breakdown  between  A1 2O3-4  and  AI2O3-6  was  made  such  that, 
after  the  moles  of  TiO?  and  twice  the  moles  of  Fe203  were  added  to  the 
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moles  of  S i 0 2 9 the  balance  to  make  up  8 moles  was  made  up  by  AI2O3-4. 
The  remaining  aluminum  oxide  was  calculated  as  A1 2O3-6 . 

5.  The  breakdown  between  hydroxyl  water  and  hydronium  water  was 

done  in  a similar  fashion.  Fluorine  will  be  found  in  the  hydroxyl 
sites  both  because  of  size  and  of  charge.  Therefore,  the  balance  to 
make  up  4 moles  was  accomplished  with  n(H20)/2  moles  of  water.  The 
remaining  H2O  was  considered  to  be  the  hydronium  ion  needed 

to  balance  the  charge. 

6.  The  calculations  are  rechecked  for  this  mineral  by  the  follow- 
ing. In  theory,  the  sum  of  moles  of  the  alkali  cations  should  be  equal 
to  the  number  of  moles  y of  A1  and  Fe  in  Si  sites  plus  the  number  of 
moles  x of  Fe,  Mg,  Ca,  and  Mn  in  the  A1  site.  In  this  analysis,  x = 
0.886  moles  and  y = 0.8777  moles.  They  sum  to  1.7637  moles.  However, 
the  moles  of  alkalis  sum  to  [(0.088  + 0.7044)x2  + 0.4269x2/3]  or  1.731 
moles.  There  is  an  alkali  deficiency  of  0.0327  moles.  This  is  consis- 
tent with  a chemical  analysis  for  a mineral  such  as  illite.  It  is  not 
a perfect  world.  Column  2 of  part  b contains  the  adjusted  moles  n‘ 
that  are  used  in  further  calculations. 

7.  Columns  3 through  7 of  part  b were  obtained  by  multiplying  the 
constants  a through  f of  table  3 by  n'. 

8.  The  columns  3 through  7 were  summed  to  get  the  constants  for 
illite  for  use  in  equation  2. 

9.  The  heat  capacity  of  illite  at  any  desired  temperature  was 
then  calculated. 

Figure  3 shows  the  experimental  data  of  Robie  and  others  (1976) 
adjusted  to  the  formula  weight  of  790.39  grams,  the  formula  weight 
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Figure  3.  Plot  of  the  experimental  and  estimated  heat  capacities  for  an 
illite  sample  used  by  Robie  and  others  (1976).  They  are  shown 
by  + and  a solid  line,  respectively.  The  analysis  of  the 
illite  is  given  on  table  4a,  column  2.  The  dashed  lines 
represent  an  error  of  2 percent  about  the  estimated  heat- 
capacity  function.  The  function  departs  from  the  experimental 
data  by  about  0.9  percent. 
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Figure  3,  Robinson  and  others 
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derived  from  this  analysis.  The  solid  line  is  the  estimated  value 
derived  from  the  above  constants.  The  dashed  lines  in  figure  3 repre- 
sent a deviation  of  2 percent  from  the  calculated  curve.  The  departure 
of  the  estimated  values  from  the  observed  values  is  about  0.9  percent. 
This  is  a marked  improvement  over  other  methods  where  similar  data  for 
phases,  especially  those  that  have  hydroxyl  ions,  can  be  estimated  only 
poorly. 

The  estimation  of  the  molar  calorimetric  entropy  of  an  illite  of 
this  composition  would  follow  the  same  approach  and  the  procedure 
described  in  in  the  entropy  section. 

1.3. 2. 3. 2.  Relative  enthalpy 

The  molar  relative  enthalpy  of  silicate  minerals  can  be  estimated 
using  equations  10  and  11.  The  coefficients  a ^ , a2,  33,  34,  ag,  and  a-j 
for  each  structural  component  i can  be  found  in  table  4.  Table  3 con- 
tains a list  of  common  silicate  minerals  defined  in  terms  of  their 
structural  components.  Other  information  regarding  the  structure  of 
silicate  minerals  can  be  found  in  Papike  and  Cameron  (1976)  and  Ulbrich 
and  Waldbaum  (1976). 

As  an  example,  table  6 shows  the  calculation  procedure  for  estimat- 
ing the  relative  enthalpy  of  acmite  (NaFe+^Si 2O5).  Acmite  was  chosen 
because  experimental  data  on  the  relative  enthalpy  of  acmite  were  not 
used  to  evaluate  the  estimation  functions  given  on  table  4.  As  the 
calculation  is  for  a stoichometric  end-member  phase,  the  computational 
procedure  is  straightforward.  The  coefficients,  a^,  a2,  33,  ag,  and  a 7 
used  to  describe  the  relative  enthalpy  of  acmite  are  calculated  by 
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Table  6.  Calculation  of  the  constants  a^,  a2,  33,  ag,  and  a 7 for  use  in 
equations  10  and  11  to  calculate  the  relative  heat  content  of 
acmite  (NaFe+3Si 20g) 


Structural 

Component 

Moles 

K) 

ni‘ai 

xlO-2 

ni-bi 

xl0+3 

ni  *ci 
xl  0”5 

n i * f i 
xl0+5 

ni  *9i 
xl  0"3 

Na20-8 

0.5 

0.29037 

6.22990 

0.0 

0.0 

-0.02291 

Fe203-6 

0.5 

1.59206 

2.44690 

2.08544 

1.28558 

-1  .65398 

Si 02-4 

2.0 

2.18766 

-5.55182 

0.0 

0.0 

-2.16610 

a 

b 

c 

f 

9 

Constants  for 
equation  5 

4.07009 

xlO2 

3.12498 
xl  0"2 

2.08544 

x!0+5 

1.28558 

xl0"5 

-3.84299 
xl  0+3 
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summing  the  products  of  the  moles  of  each  component  i in  one  mole  of 
acmite  and  the  coefficients,  a-j...g-j,  for  each  component  i.  Figure  4 
compares  the  calculated  relative  enthalpies  with  measured  relative 
enthalpies  (Ko  and  others,  1977)  for  acmite.  The  dashed  lines  in 
figure  4 represent  a deviation  of  2 percent  from  the  calculated  curve. 
Note  that  the  measured  relative  enthalpy  values  lie  well  within  this 
2-percent  window. 


1.3. 2. 3. 3.  Entropy 

The  calorimetric  molar  entropy  of  silicate  minerals  can  be  esti- 
mated using  equations  13  and  14.  The  coefficients  a-j , b-j , c-j , d-j  , f-j  , 
and  gi  for  each  structural  component  i can  be  found  in  table  4.  Table 
3 contains  a list  of  common  silicate  minerals  defined  in  terms  of 
their  structural  components.  Other  information  regarding  the  structure 
of  silicate  minerals  can  be  found  in  Papike  and  Cameron  (1976)  and 
Ulbrich  and  Waldbaum  (1  976).  In  addition,  Ulbrich  and  Waldbaum  (1  976) 
present  structural  information  on  silicate  minerals  needed  to  correct 
calorimetric  entropy  to  third-law  entropy. 

The  general  procedure  for  the  estimation  of  the  molar  calorimetric 
entropy  for  a phase  would  follow  the  same  approach  described  in  the 
calculation  of  estimated  heat  capacity  of  illite  and  relative  enthalpy 
of  acmite. 

As  an  example,  table  7a  shows  the  calculation  procedure  to  esti- 
mate the  calorimetric  molar  entropy  of  an  ideal  illite  ( K 3AI yMg 
(Si  14AI  2)040(011)3).  Measured  data  on  the  calorimetric  molar  entropy 
of  illite  was  excluded  from  the  evaluation.  Table  7b  compares  the 
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Figure  4.  Plot  of  experimental  and  estimated  relative  enthalpies 
(Hy  - H2gg  15)  for  acmite  (NaFe+3Si 20g) . The  estimated 
values  were  calculated  using  equations  5 and  6 and  the 
coefficients  listed  in  table  5 and  are  shown  by  a solid 
line.  The  dashed  lines  represent  an  error  of  2 percent 
about  the  estimated  relative  enthalpy  function.  The 
experimental  measurements  of  Ko  and  others,  1977,  on  a 
synthetic  acmite  are  shown  by  x.  The  function  departs 
from  the  experimental  data  by  about  0.4  percent. 
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Table  7,  part  a.  Calculation  of  the  constants  a^,  a£,  33,  a 4,  ag,  and  a-j  for  use  in  equations  13  and  14 

to  calculate  the  calorimetric  entropy  of  illite  ( K3 A1 yMg (Si  14 A1 2 )°4o (OH ) g ) at  298.15  K. 
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Table  7,  part  b.  Comparison  of  the  observed  calorimetric  molar  entropy  of 

illite  (K3AI  yMg (Si  14AI  2 ) °4o(OH) q ) with  estimated  values 
calculated  from  1)  the  technique  described  here,  2)  the 
technique  described  by  Helgeson  and  others,  1978,  and  3) 
the  sum  of  oxide  entropies 
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observed  value  for  the  calorimetric  molar  entropy  of  illite  (Robie 
and  others,  1 976)  with  estimated  values  using  1)  the  estimation  tech- 
nique described  here,  2)  the  estimation  technique  described  by  Helgeson 
and  others,  1978  , and  3)  estimation  based  on  sum  of  oxide  entropies. 

The  estimated  molar  entropy  of  illite  at  298.15  K (1127.8  J/mol  *K) 
differs  by  2.1  percent  from  the  measured  molar  entropy  (1104.2  ± 6.0 
J/mol  *K,  Robie  and  others,  1976). 

1.3. 2. 4.  Procedure  to  calculate  estimated  specific  heats  for  rocks 

The  specific  heat  of  silicate  rocks  as  a function  of  temperature 
can  be  estimated  using  the  following  procedure. 

Z X-j  C-j 

rock  specific  heat  (J/gm  K)  = i 

Z Xi 
i 


where  X-j  = (gm.  of  component  i in  rock)/(gm  rock) 


c . g . 

ci  - a1  + 2bi  T + ^ + f<  T2  + pyj 


(15) 


The  coefficients  , b-j  , c-j  , f-j  , and  g-j  for  each  component  i can  be 

found  in  table  8.  An  example  of  calculations  of  estimated  specific 
heat  for  basalt  is  shown  in  table  9,  part  b,  based  upon  the  basalt 
chemistry  shown  in  table  9,  part  a.  A comparison  of  the  estimated 
specific  heats  for  basalt  and  measured  specific  heats  for  a basalt 
from  Dresser,  Wisconsin  (Hanley  and  others,  1 977)  is  shown  in  table  9, 
part  b. 


Table  8.  Component  coefficients  to  calculate  rock  specific  heat  ( joules/ym-kel vin) 
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Table  9, 

part  b. 

Estimated  specific  heats  of  selected 
compositions  given  in  part  a of  this 
specific  heats  of  basalt  at  Dreser, 
from  Hanley  and  others,  1977) 

basalts  using  the 
table.  Measured 
Wisconsin  (data 

Estimated 

specific  heat 

Measured 

T/C 

Joules/gm-K 

specific  heate 

(Da 

(2)b 

(3)c 

(4)^ 

50 

0.8027 

0.7832 

0.7810 

0.7769 

0.8090 

100 

0.8614 

0.8414 

0.8389 

0.8345 

0.8689 

150 

0.9092 

0.8885 

0.8858 

0.8811 

0.9200 

200 

0.9490 

0.9276 

0.9247 

0.9199 

0.9617 

250 

0.9826 

0.9606 

0.9575 

0.9526 

0.9932 

300 

1.0116 

0.9890 

0.9857 

0.9807 

1.0110 

350 

1.0367 

1.0135 

1.0101 

1.0051 

400 

1.0588 

1.0351 

1.0316 

1.0265 

450 

1.0783 

1.0541 

1.0505 

1.0455 

500 

1.0957 

1.0711 

1.0673 

1.0623 

aAverage  Yakima  basalt.  Waters,  1961  (table  8,  part  a,  column  1) 

^Grande  Rhonde  basalt  (Museum  flow),  rho-bwi-st-4  (table  8,  part  a, 
column  2) 

cGrande  Rhonde  basalt  (flow  e),  rho-bwi-st-4  (table  8,  part  a,  column  3) 

dGrande  Rhonde  basalt  (Umtanum  unit),  rho-bwi-st-4  (table  8,  part  a, 
column  4) 

eData  from  Hanley  and  others,  1977 
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1.3.3.  Evaluated  Thermodynamic  and  Thermophysical  Properties  of 
Selected  Mineral  Phases  in  the  MgO-SiC^-^O-CC^, 
Fe-Fe0-Fe203-Si O2,  and  CaO-Al 203-Si02-H20-C02 
Chemical  Systems 

1.3. 3.1.  Introduction 

The  experimental  data  on  the  selected  phases  (Appendix  section 
1.5.1)  in  the  MgO-SiC^-F^O-CI^,  Fe-Fe0-Fe203-Si02>  and  CaO-Al  203Si O2- 
H2O-CO2  chemical  systems  were  evaluated  using  the  method  of  Haas  and 
Fisher  (1976).  The  goal  was  to  produce  a set  of  thermodynami c proper- 
ties for  each  phase  at  a standard  state  of  1 atm  (101.325  kPa)  that  is 
consistent  with  thermodynamic  theory,  the  observed  properties  of  each 
phase,  and  the  observed  phase  relations  among  the  phases.  The  experi- 
mental data  used  in  the  study  came  from  a literature  search  through 
March  1982. 


1.3. 3. 2.  Fitting  procedure 
1.3. 3. 2.1.  Introduction 

The  details  of  the  approach  and  the  procedure  are  described  by 
Haas  and  Fisher  (1976)  and  by  Haas  (1974).  The  approach  and  procedure 
given  there  have  been  followed  closely  and  will  not  be  described  here 
in  detail.  The  following  description  summarizes  the  evaluation  pro- 
cedure: 

1.  Literature  search 

a.  Review  of  literature  for  data  that  define  thermodynamic 
properties  of  a phase  or  a group  of  phases. 

b.  Close  scrutiny  of  each  citation  to  determine: 

(1)  What  was  physically  observed. 

(2)  With  what  precision  was  it  observed. 
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2.  Refinement  cycle 

a.  Comparison  of  related  data  (heat  capacity,  relative 
enthalpy,  enthalpies  of  formation,  enthalpies  of  reaction,  Gibbs  energy 
of  reaction,  entropies,  molar  volumes,  expansivities,  compressibili- 
ties) for  phases  in  a chemical  system  using  weighted,  simultaneous, 
multiple,  least-squares  regression. 

b.  Review  of  the  pertinent  literature  where  data  are  found 
not  to  be  in  agreement. 

c.  Removal  of  assumed  or  apparently  erroneous  data  from  the 
set  of  data  being  fit  by  the  regression. 

d.  Repeat  of  steps  a through  c until  all  discordant  data  have 
been  identified  and  removed. 

3.  Preparation  of  tables  using  the  smoothing  functions  and  the 
variance-covariance  matrix  from  the  last  execution  of  step  2a. 

The  mathematical  model  used  in  the  regression  in  step  2a  is  based 
on  equation  15  for  the  heat  capacity  at  constant  pressure,  equation  16 
for  molar  volume  as  a function  of  pressure  and  temperature,  and  the 
known  relations  among  heat  capacity,  enthalpy,  entropy,  Gibbs  energy 
and  volume  for  the  rth  phase  in  a group  of  chemically  related  phases. 
The  constants  a2}1-  and  a 4 ^ -j  were  reserved  for  the  constants  of  integra- 
tion to  describe  the  enthalpy  and  entropy  of  the  jth  phase  respec- 
tively. Equation  15  is  a restatement  of  Haas  and  Fisher's  equation  6: 


C 


P.i 


ll,i 


T2 


a3,  i 
Tl/2 


1 5 , i 


2 a 


6 , i 


T 


(15) 
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V? 


= b1#i  + b2>iT  + b3>i  exp(-T/300)  + b4>iP  + 
b5j  exp(-P/35000)  (16) 

Equations  15  and  16  have  no  theoretical  basis.  They  are  smoothing 
functions  only  and  must  be  so  considered!  At  the  absolute  zero  of  tem- 
perature equation  15  is  indeterminate.  In  our  work,  data  at  tempera- 
tures below  200  K were  not  considered.  Above  200  K,  the  functions 
readily  describe  most  data.  In  order  to  avoid  overfitting  of  the  data, 
nonsignificant  constants  have  been  eliminated  from  the  general  equation 
wherever  they  were  not  needed  to  describe  the  properties  of  a phase. 
This  is  particularly  common  for  the  last  term,  ay  ^TS  in  equation  15. 
Removal  of  this  term  eliminated  any  rapid  excursions  of  the  calculated 
values  in  the  temperature  region  around  and  above  the  highest  experi- 
mental temperature.  Equation  15  has  been  fit  within  the  temperature 
range  presented  for  each  phase  in  the  appendix  and  should  not  be 
extended  indiscriminately  to  higher  or  lower  temperatures. 

For  grossular,  the  experimental  heat  capacities  were  measured  at 
or  below  978  K.  The  estimated  values  used  in  the  fitting  for  the  heat 
capacity  above  1000  K joined  smoothly  with  the  experimental  data  below 
1000  K and  did  not  contain  a maximum.  Therefore,  the  maximum  in  the 
fitted  function  was  a result  of  the  constraints  imposed  on  the  thermal 
data  by  the  phase  equilibria  that  included  observations  up  to  1523  K. 

In  this  case,  no  action  was  taken.  The  presence  of  the  maximum  empha- 
sizes the  need  for  measured  hi gh-temperature  heat  capacities.  Until 
this  has  been  accomplished,  the  tabulations  are  considered  the  best 
available. 
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1.3. 3. 3.  Data  entry 


Haas  (1974)  described  the  mechanics  used  to  fit  the  model  to  dis- 
crete experimental  observations  in  detail.  The  typical  problem 
includes  the  following  information: 

1 . Title  for  problem. 

2.  Control  codes  to  identify  the  options  used. 

3.  Number  and  labels  for  the  phases  in  the  problem. 

4.  Sets  of  data  being  fit. 

a.  Name  of  the  set  and  reference. 

b.  Control  codes  related  to  the  observation  and  to  data  edit- 
ing. 

c.  Label (s)  for  the  phase(s),  the  stoichiometric  coeffi- 
cient^) and  any  pertinent  data  on  polymorphs. 

d.  Data  as  given  in  the  reference. 

(1)  Temperature  (and  correction  factor  if  needed  to  con- 
vert to  kelvins). 

(2)  Observed  value  (and  correction  factor  if  needed  to 
convert  to  joules,  volts,  moles,  etc.). 

(3)  Precision. 

(4)  Second  independent  variable  (if  needed). 

5.  Constants  of  Equation  15  above  for  each  of  the  reference 
phases  as  well  as  the  trial  constants  for  the  phases  for  which  the 
properties  are  being  refined. 

6.  Control  parameters  for  the  error  plots. 

The  input  format  is  designed  to  reduce  manual  conversions  before 

entry  into  the  computer  for  fitting. 

63 


The  class  of  data  that  is  not  discussed  by  Haas  consists  of 
bracketed  observations  like  those  typical  of  phase  equilibria  studies. 
As  an  example,  let  us  consider  reaction  A,  below. 

CaAl 2Si 20g(anorthi te)  + A1 203(corundum)  + H20(gas) 

= CaAl  4Si  20io(OH)2(margarite)  (A) 

Chatterjee  (1974)  determined  that  the  equilibrium  at  100  MPa  was 
located  between  743.15  and  773.15  K.  If  we  consider  no  additional 
information,  there  is  an  equal  probability  of  equilibrium  occurring  at 
any  temperature  between  these  two  bracketing  temperatures  at  100  MPa. 
Therefore,  if  we  neglect  the  errors  associated  with  the  measurement  of 
temperature  and  pressure,  the  probability  curve  is  a square  wave  whose 
bounds  are  at  743.15  K and  773.15  K.  To  consider  the  reaction  to 
occur  at  the  midpoint  of  the  bracket,  758.15  K,  is  unwarranted;  this 
would  cause  the  fitting  algorithms  to  give  too  much  weight  to  the  mid- 
points of  bracketed  data.  We  evaluated  the  phase  equilibrium  data  by 
calculating  the  Gibbs  energy  of  reaction  for  each  two  experimentally 
measured  bracketing  pressures  and  temperatures  as  if  each  bracketing 
pressure  and  temperature  represented  equilibrium.  This  procedure 
does  not  define  a square  probability  curve  between  the  bracketing 
values  but  does  define  a nearly  uniform  probability  between  the 
bracketing  values  and  allows  a sufficient  probability  of  occurrence 
outside  the  bracketing  values  to  compensate  for  errors  in  measurement 
of  pressure  and  temperature.  The  Gibbs  energy  for  the  reaction  for 
both  bracketing  reaction  points  is  calculated  using  equation  17: 
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where  n-j  is  the  stoichiometric  coefficient  for  each  phase,  i,  and  V is 
the  volume  of  the  gas  phase.  The  factor  1000  is  the  conversion  factor 
for  cm^/mol  to  J/(kPa»mol ).  The  integral  represents  the  Gibbs 
energy  difference  of  the  gas  between  the  pressure  of  observation  and 
the  reference  pressure,  101.325  kPa.  The  Gibbs  energy  difference  for 
H2O  at  constant  temperature  was  calculated  from  data  on  the  P-V-T 
function  proposed  by  Haar  and  others  (1979). 


Data  were  weighted  by  the  reciprocal  of  the  precision;  the  higher 
(smaller  in  magnitude)  the  precision,  the  higher  (larger  in  magnitude) 
the  weight.  The  use  of  weighting  served  two  purposes.  First,  it 
allowed  the  simultaneous  fitting  of  different  properties  that  have 
large  variations  in  magnitude.  An  example  is  the  simultaneous  fitting 
of  enthalpy  data  that  could  exceed  7 MJ  and  electrochemical  potentials 
that  are  more  like  1.0  millivolt.  Second,  weighting  constrained  the 
solution  towards  the  more  precise  observations.  This  was  particularly 
desirable  where  precise  data  from  1 ow-temperature,  adiabatic  calorim- 
etry were  being  matched  with  the  less  precise  data  from  differential 
scanning  calorimetry  or  from  drop  calorimetry. 


1.3. 3. 4.  Weighting  of  experimental  data 
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In  the  first  fitting  of  a data  set  from  a particular  reference, 
the  author's  stated  precision  was  used.  In  subsequent  cycles  this 
would  be  modified  j_f  logic  or  other  data  showed  the  author's  estimate 
to  be  abnormally  small. 

Weighting  of  data  within  the  above  guideline  was  straightforward 
with  two  exceptions.  The  first  exception  is  when  the  author  makes 
many  observations  of  a phenomenon  but  only  reports  an  average  value 
and  the  standard  deviation.  To  enter  one  value,  the  average  value, 
would  underweight  the  work  that  went  into  the  determination  relative 
to  the  significance  of  discrete  measurements  on  the  same  or  other 
properties.  We  arbitrarily  overcame  this  by  making  three  entries: 

(1)  the  average  value,  (2)  the  average  value  less  the  deviation,  and 
(3)  the  average  value  plus  the  deviation.  All  three  entries  had  a 
weight  equal  to  the  stated  standard  deviation. 

The  second  exception  is  related  to  the  treatment  of  brackets  in 
phase  equilibria.  As  stated  in  the  preceeding  section,  the  Gibbs 
energy  at  the  experimental  pressure  for  both  temperature  limits  (or  at 
both  pressure  limits  or  the  combination  that  defines  the  bracket)  was 
entered.  The  weight  was  calculated  from  the  arbitrary  decision  that 
the  precision  for  each  bracket  was  the  difference  in  Gibbs  energy  for 
the  bracket  with  the  constraint  that  the  magnitude  of  the  assigned 
precision  was  equal  to  or  greater  than  the  precision  associated  with 
the  determination  of  the  temperature  (or  pressure)  of  the  limit  of  the 
bracket.  In  this  fashion,  we  reduced  the  tendency  of  the  regression 
to  settle  on  the  midpoint  of  a bracket.  We  will  return  to  this  point 
again  when  we  consider  the  topic  of  data  rejection. 
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1 .3.3.5.  Data  rejection 


Data  were  rejected  during  the  literature  search  and  during  the 
refinement  cycles.  Data  were  rejected  during  the  literature  search  if 
there  was  a clear  error  in  the  measurement  technique  or  if  there  was 
ambiguity  in  the  identification  of  the  reactants  or  products. 

During  the  refinement  cycle,  where  all  data  for  all  phases 

in  the  chemical  system  are  simultaneously  fit  by  the  model  , the  model 

returns  the  weighted  average  of  all  the  data.  Error  plots  such  as 
figure  5 are  part  of  the  printed  output.  On  the  error  plots  for  each 
source  and  type  of  data,  the  weighted  difference,  calculated  as 
(observed-cal  cul  ated)/preci  si  on  , is  plotted  as  a function  of  tempea- 
ture.  These  plots  give  a quick  visual  picture  of  the  quality  of  the 
agreement  between  the  function  in  the  model  , the  other  data  in  the 

refinement,  and  the  specific  data  set.  Ideally,  the  errors  should  be 

centered  about  the  zero  axis  and  should  not  exceed  ± 2 units  (±  2s). 

Not  attaining  such  an  ideal  plot  can  be  the  result  of  one  or  more  of 
the  following: 

1.  The  function  does  not  adequately  describe  the  data. 

2.  Some  set  (or  sets)  of  data  is  not  consistent  with  the  balance 
of  the  data  considered. 

3.  The  magnitude  of  the  experimental  precision  is  larger  than 
that  which  the  author  stated.  As  a rule  of  thumb,  if  more  than  one 
third  of  the  data  plots  outside  the  bounds  of  +1  to  -1  (equal  to  ± Is), 
this  leads  to  overweighting  of  the  data  set.  More  realistic  precisions 
were  entered  in  this  situation. 
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Figure  5.  Error  (observed  value  - calculated  val ue)/preci sion  as  a 
function  of  temperature  for  the  differential  scanning 
calorimeter  measurements  of  heat  capacity  for  anorthite. 
Plus  signs  (+)  indicate  the  data  of  Krupka  and  others, 


1979. 
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Error  plots  alert  the  evaluator  to  the  existence  of  a conflict  in 
the  data  sets.  The  evaluator  must  determine  the  source  for  the  con- 
flict and  make  the  appropriate  correction  to  the  data.  As  an  example, 
figure  6 is  a combination  of  the  error  plots  for  reaction  B.  The  rela- 
tive errors  for  the  silicic  acid  solubilities  of  Hemley  and  others 
(1980)  and  the  reversed  brackets  of  Thompson  (1970)  are  shown.  The 
data  of  Hemley  and  his  coworkers  plot  systematical ly  high  for  this 
reaction,  but  they  are  well  within  1 sigma  of  the  zero  abscissa.  The 
systematic  discrepancy  is  caused  by  a minor  misfit  between  these  data 
and  one  or  more  of  the  enthalpies  of  solution  and  Gibbs  energies  of 
reaction  in  which  either  kaolinite  or  pyrophyllite  is  involved. 

A1 £Si 205(0H)4(kaol inite)  + 6 Si02(alpha  quartz) 

= A1 2Si  4O1Q  (OH ) 2 ( pyr°phy  1 1 i -te ) + H20(gas)  (B) 

However,  the  reversed  observations  of  Thompson  (1970)  lie  well 
outside  the  2 sigma  limits.  Figure  7 shows  the  calculated  Gibbs 
energy  for  reaction  B and  the  experimental  data  cited  on  figure  6.  As 
expected,  the  data  of  Hemley  and  coworkers  lie  near  the  calculated 
values.  Because  the  calculated  line  also  reflects  the  other  data  in 
the  problem,  particularly  entropies  and  other  phase  equilibria,  we 
conclude  that  data  of  Hemley  and  coworkers  are  consistent.  However, 
both  the  magnitude  and  the  slope  of  the  reversed  brackets  of  Thompson 
are  not  in  agreement  with  the  other  data.  A review  of  the  experimental 
method  suggests  that  the  error  may  be  due  to  the  finely  ground 
kaolinite  and  pyrophyllite  ("less  than  300  mesh,"  p.  454)  that  was 
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Figure  6.  Error  (observed  value  - calculated  val ue)/preci sion  as  a 
function  of  temperature  for  the  reaction:  Kaolinite  + 

2 Quartz  = Pyrophyllite  + Steam.  The  open  triangles  were 
calculated  from  the  silicic  acid  solubilities  of  Hemley 
and  others  (in  press).  The  connected  solid  squares 
represent  the  brackets  of  Thompson  (1970).  The  dashed 
lines  represent  two  times  the  precision  stated  by  the 
authors  or  two  times  the  width  of  the  Gibbs  energy 
bracket,  whichever  is  appropriate. 
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Figure  7.  Gibbs  energy  of  reaction  as  a function  of  absolute  tem- 
perature for  the  reaction:  Kaolinite  + 2 Quartz  = 

Pyrophyl 1 i te  + Steam.  The  open  triangles  were  calculated 
from  the  silicic  acid  solubilities  of  Hemley  and  others 
(in  press).  The  connected  solid  squares  represent  the 
brackets  of  Thompson  (1970).  The  solid  line  was  calcu- 
lated from  the  least-squares  solution  to  the  entire  set 
of  experimental  observations. 
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used  in  the  study  and  to  the  relatively  short  duration  of  the  experi- 
ments ("usually  28  days"  at  100  MPa,  "for  1 week"  at  200  and  400  MPa, 
p.  455-456).  These  data  were  not  included  in  the  evaluation.  The 
above  conjecture  on  the  part  of  the  evaluators  is  not  proven;  only 
detailed  discussions  with  the  authors  or  repetition  of  the  experiments 
could  prove  the  data  are  in  error. 

Discordant  data  are  readily  identified.  The  cause  of  the  dis- 
agreement is  not  always  as  straightforward  as  the  identification. 
Fortunately,  because  sufficient  related  data  were  available  for  the 
phases  in  question,  the  right  decision  was  made.  In  the  discussions 
associated  with  the  thermodynamic  tables,  all  data  used  to  produce  the 
final  results  are  given.  Because  of  manpower  and  time,  however,  we 
have  not  included  the  much  larger  set  of  excluded  data.  The  reference 
section  contains  all  literature  sources  considered  in  the  evaluation. 
References  which  contain  indirect  or  supporting  information  on  thero- 
dynamic  properties  and  references  containing  experimental  data  con- 
sidered, but  excluded  from  the  evaluation,  are  marked  with  an  asterisk 
(*)  at  the  beginning  of  the  citation. 

1.3. 3. 6.  Preparation  of  tables  and  summaries 

Tables  of  thermodynamic  data  at  101.325  kPa  between  273.15  K and 
1800  K were  prepared  from  the  functions  in  the  fitted  model.  The 
commonly  used  thermodynamic  functions  given  below  were  tabulated: 

Cp  heat  capacity 

S entropy 
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[Gr-Hrr]/T 

HT-HTr 

V 

AH?,e 

AG?,e 

log  K?>e 

AH?,ox 

A^?,ox 

1°9  K?,ox 


Gibb's  function 
relative  enthalpy 
molar  volume 

enthalpy  of  formation  from  the  elements 
Gibbs  energy  of  formation  from  the  ele- 
ments 

equilibriuim  constant  for  formation  from 
the  elements 

enthalpy  of  formation  from  the  oxides 
Gibbs  energy  of  formation  from  the 
oxides 

equilibrium  constant  for  formation  from 
the  oxides 


The  summaries  associated  with  each  table  contain  functions  for 
heat  capacity,  entropy,  relative  enthalpy,  and  molar  volume  as  obtained 
in  fitting  the  model  to  the  data.  The  summaries  also  cite  those  data 
used  in  the  final  evaluation  that  were  directly  pertinent  to  determine 
the  properties  of  the  phase  in  question.  In  the  interest  of  saving 
manpower  for  more  evaluations,  data  that  were  considered  and  rejected 
and  not  tabulated. 


1.3. 3. 7.  Confidence  limits 

All  evaluations  must  start  with  some  base  that  is  accepted  without 
question.  In  this  effort,  the  properties  of  the  elements  and  the 
oxides  cited  in  Appendix  section  1.5.4  were  used  without  question.  The 
properties  for  the  evaluated  phases  are  determined  rel ati ve  to  those 
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reference  values.  In  the  course  of  the  evaluation,  we  found  no  incon- 
sistency of  sufficient  magnitude  that  would  require  us  to  consider 
reevaluating  any  of  that  reference  base.  This  does  not  mean  that  the 
tabulated  values  are  without  error.  For  example,  the  uncertainty  for 
the  entropy  at  298.15  K for  C a or  CaO  is  about  1 percent  (CODATA  Task 
Group , 1978) . 

In  preparing  the  tabulations,  the  2-sigma  confidence  limits  were 
given  for  the  298.15  K isotherm  and  for  every  isotherm  that  is  a 
multiple  of  250  K.  These  limits  reflect  only  the  variation  in  the 
final  set  of  data  on  the  chemical  system.  They  do  not  include  con- 
fidence limits  on  the  reference  data  in  Appendix  section  1.5.4.  For 
this  reason  the  confidence  limits  for  formation  from  the  elements  is 
omitted.  If  such  a time  arises  when  manpower  is  abundant  or  when 
other  data  centers  adopt  similar  evaluation  procedures  , the  imprecision 
in  the  reference  base  will  be  included  in  the  tables. 

1.3. 3. 8.  Results 

The  Appendix,  section  1.5,  contains  the  thermochemical  properties 
of  phases  of  interest  in  exploring  possible  chemical  reactions  in 
basalt  systems.  These  data,  as  tabulated,  are  consistent  with  the 
recommendations  of  the  CODATA  Task  Group  (1978).  In  general  , we  used 
the  same  reference  base  as  Robi e and  others  (1979)  and  as  used  in  pre- 
paring the  JANAF  Thermochemical  Tables  (Stull  and  Prophet,  1971)  and 
the  JANAF  thermochemical  dataa. 

aJANAF  Thermochemical  Tables,  loose!  eaf  pages  for  1979  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 
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The  arrangement  of  the  compounds  is  alphabetical  using  the  com- 


monly accepted  chemical  formula  for  the  phase.  Sections 
1.5.2  contain  the  index  arranged  by  chemical  formula  and 
name,  respecti vely . 


1.5.1  and 
by  mi  neral 
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1.5.  Appendix  - Thermodynamic  Tables  and  Summaries 


The  refined  thermodynamic  properties  (thermophysical,  thermo- 
chemical, and  volumetric)  for  the  chemical  compounds  considered  in 
this  study  are  given  in  sections  1.5.4  below.  Sections  1.5.1  and 
1.5.2  give  the  arrangement  by  chemical  formula  and  the  cross  index  j 

for  the  minerals  respectively. 

Section  1.5.3  gives  algeoi'-aic  and  thermodynamic  functions  that 
were  followed  in  this  study.  The  summaries  of  data  that  were  con- 
s'dei’-ed  in  this  study,  special  comments  appropriate  for  each  phase, 
and  the  constants  as  would  be  used  in  equations  in  section  1.5.3  are 
given  in  section  1.5.5. 

1.5.1.  Chemical  Index  to  Tables  and  Summaries 

The  compounds  for  which  data  are  given  in  sections  1.5.4  and  1.5.5  ^ 

are  arranged  alphabetically  oy  the  commonly  accepted  formula.  The  data 
in  table  10  give  the  table  numbers  and  pages  on  which  the  reader  will 
find  the  needed  properties.  J 

i 

1.5.2.  Mineral  Index  to  Tables  and  Summaries  , 

The  data,  in  table  II,  are  supplied  as  a convenient  cross-index  of 

i 

mineral  names,  formulas,  and  property  tables. 
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ll20  (real  gas)  — - - 182  302  41  7,422 

Mr|Si  CJ4 , silicic  acid  — - 382  — 
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Mineral  name  Chemical  formula  1liermo|)hys1cal  Ihermochemlcal  Volumetric  Suimiurlcs  Constants 


Table  11.  Continued 
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1.5.3.  Functions  Describing  Thermophysical  Properties  as  a 
Function  of  Pressure  and  Temperature 


General  Thermodynamic  Relationships 

Thermodynamic  theory  provides  the  following  exact  functional 

relations  among  heat  capacity  (Cp  ) at  a reference  pressure  Pr,  volume 

r 

(V),  entropy  (S),  enthalpy  (H),  free  energy  (G),  equilibrium  constant 
(K) , and  electrochemical  potential  (E): 


where  T is  thermodynamic  temperature,  R and  F are  the  ideal  gas  con- 
stant and  Faraday  constant,  respectively.  The  term  k is  the  number  of 
species  in  the  reaction,  and  s is  the  stoichiometric  coefficient, 
positive  for  products  and  negative  for  reactants.  The  term  n is  the 


r 


(16) 


Si  = S0  + / dT  - ! (-^p  dP 

0 P r 


T CPr,i  P 3Vi 


(17) 


T 


P 


3V, 


Hi  = H0  + / Cp_i  dT  + / (Vi  - T (yyip)  dP  (18) 


Hi  - T Si 


(19) 


k 

-RT  In  K = 2 Si  Gi 

i =1 


(20) 


k 

-nFE  = £ Si  Gi 

i =1 


(21) 
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number  of  electrons  involved  in  the  reaction.  From  these,  it  follows 
that  an  empirical  relation  which  describes  Cp  j as  a function  of 
temperature  and  V-j  as  a function  of  temperature  and  pressure  will 
generate  the  mathematical  description  of  the  other  thermodynamic 
properti es . 


Formulae  Describing  Thermodynamic  Properties 


Pr,T 


IlL  + _M 

t2  t1/2 


+ a5,i  + 2a6,i  T + a7,i  V 


(22) 


I i = b1#i  + b2ji  T + b3>i  exp(-T/300)  + b4  #i  P + b5>i 


exp(-P/35000) 

(23) 


-b 


3,  i 


90000 


T exp(-T/300) (P  - Pr) 


(24) 


Hi  = + a2  ,i  + 2 a3  ,i  ^ + a5  ,i  T + a6  ,i  y2  + a7  ,i  T + 

bi,i  (P  - Pr)  + b3ji  (1  + 3^)  (exp(-T/300) ) (P  - Pr)  + 

(p2  . p2)  _ (3500O)  be  * {exp(-P/35000)  - 

C ' 3 5 * 


exp(-Pr/35000) } 


(25) 


al  i 2a3  i T2 

5 + a4}i  + a5i  In  T + 2 a6ji  T + a7ji  — 


2T 


/f 


^3  i 

b2,l  (P  - Pr)  + (P  - Pr)  exp(-T/300) 


(26) 
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!ld 

2T 


+ a 


2 ,i  - 4 a3,i  ^ - a4,i  T + a5ji  (T  - T In  T)  - 


a6  ,i  T‘  - a7,i  t+  bl,1  (P  * Pr>  + b2,i  T (p  * Pr) 


b3ji  (P  - Pp)  exp(-T/300)  + Af-  (p2  . p2)  . 


(35000)  b5ji  { ex p( -P /3 5000 ) - exp(-Pr/35000) } 


(27) 


1.5.4.  Tables  of  Mineral  Thermodynamic  and  Thermophysical 
Properties  at  101.325  kPa  (1  atm) 


TABLES  12  THROUGH  195  FOLLOW  IN  SEQUENCE. 
TABLES  12  THROUGH  145  ARE  DESIGNED  TO  BE 
ON  FACING  PAGES. 
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Taole  12.  Thermophysical  vdlues  for  stable  phdses  of  the  element  dluminum 
(a1  } dt  1.01325  Ddrs  (1  dtm).  The  sources  of  ddtd  ere  given  in 
section  l.b.b. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298 ) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

3y  . 
cm  /mol 

200. 

21.513 

aluminum  (crystal) 

19.138  -2273. 

-30.505 

250. 

23.308 

24.153 

-1148. 

-28.745 

— 

(2  sigmd) 

— 

— 

— 

— 

— 

273.15 

23.844 

26.241 

-602. 

-28.445 

— 

298.15 

24.307 

28.350 

0. 

-28.350 

— 

(2  sigmd) 

— 

— 

— 

— 

— 

300. 

24.338 

28.500 

45. 

-28.351 



350. 

25.049 

32.308 

1281. 

-28.650 

— 

400. 

25.625 

35.691 

2548. 

-29.322 

— 

450. 

26.157 

38.741 

3842. 

-30.202 

— 

500. 

26.692 

41.524 

5163. 

-31.197 

— 

(2  sigmd) 

— 

— 

— 

— 

— 

550. 

27.255 

44.094 

6512. 

-32.254 

— 

600. 

27.863 

46.491 

7890. 

-33.342 

— 

650. 

28.525 

48.747 

9299. 

-34.441 

— 

700. 

29.249 

50.387 

10743. 

-35.540 

— 

7bO. 

30.039 

52.932 

12225. 

-36.632 

— 

(2  sigmd) 

— 

— 

— 

— 

— 

aoo. 

30.398 

54.898 

13748. 

-37.712 

— 

8bo. 

31.828 

56.798 

15316. 

-38.779 

— 

9UU. 

32.831 

58.045 

16932. 

-39.832 

— 

933.25 

33.539 

59.849 

18036. 

-40.524 

— 

933.25 

31.756 

aluminum  (liquid) 

71.413  28828. 

-40.524 

950. 

31.756 

71.978 

29360. 

-41.073 

— 

1000. 

31.756 

73.607 

30948. 

-42.660 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1050. 

31.756 

75.157 

32535. 

-44.170 

— 

1100. 

31.756 

76.534 

34123. 

-45.613 

— 

1150. 

31.756 

78.045 

35711. 

-46.992 

— 

1200. 

31.756 

79.397 

37299. 

-48.315 

— 

1250. 

31.756 

80.693 

38887. 

-49.584 

— 

(2  sigma) 

— 

— 

— 

— 

— 

13CX). 

31.756 

81.939 

40474. 

-50.805 

— 

1350. 

31.756 

83.137 

42062. 

-51.980 

— 

1400. 

31.756 

84.292 

43650. 

-53.114 

— 

1450. 

31.756 

85.407 

45238. 

-54.208 

— 

1500. 

31.756 

36.483 

46826. 

-55.266 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1550. 

31.756 

37.525 

48414. 

-56.290 

— 

1600. 

31.756 

88.533 

50001. 

-57.282 

— 

1650. 

31.756 

39.510 

51589. 

-58.244 

— 

1700. 

31.750 

90.458 

53177. 

-59.177 

— 

1750. 

31.756 

91.379 

54765. 

-60.084 

— 

(2  sigma; 

— 

— 

— 

— 

— 

looo. 

3i.7bo 

92.273 

56353. 

-60. 9bo 

— 

^2  sigma; 
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Table  13 


. Thermochemical  properties  of  stable  phases  of  the  element 
aluminum  (Al)  at  1.01325  bars  (1  atm).  Columns  2 through  4 
give  the  thermochemical  values  relative  to  the  elements; 
columns  5 through  7 give  the  values  relative  to  the  oxides. 


Formation 

from  the 

El  ements 

Formation 

from 

the  Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

aluminum  (crystal) 

200. 

0. 

0. 

0. 

— 

... 

... 

250. 

0. 

0. 

0. 

— 

... 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

273.15 

0. 

0. 

0. 

— 

... 

— 

293.15 

0. 

0. 

0. 

— - 

... 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

300. 

0. 

0. 

0. 

... 

... 

... 

350. 

0. 

0. 

0. 

... 

... 

... 

400. 

o.  . 

0. 

0. 

... 

... 

450. 

0. 

0. 

0. 

— 

... 

... 

500. 

0. 

0. 

0. 

... 

... 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

. 

550. 

0. 

0. 

0. 

— 

— 

... 

600. 

0. 

0. 

0. 

... 

... 

... 

650. 

0. 

0. 

0. 

... 

... 

... 

700. 

0. 

0. 

0. 

— 

... 

... 

750. 

0. 

0. 

0. 

... 

... 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

300. 

0. 

0. 

0. 

— 

— 

— 

350. 

0. 

0. 

0. 

... 

... 

... 

900. 

0. 

0. 

0. 

— 

... 

... 

933.25 

0. 

0. 

0. 

— 

— 

— 

al  uminum 

( 1 iauid) 

933.25 

0. 

0. 

0. 

... 

— 

... 

950. 

0. 

0. 

0. 

... 

... 

— 

1000. 

0. 

0. 

0. 

... 

... 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1050. 

0. 

0. 

0. 

... 

... 

... 

1100. 

0. 

0. 

0. 

— 

— 

... 

1150. 

0. 

0. 

0. 

... 

— 

... 

1200. 

0. 

0. 

0. 

... 

... 

... 

1250. 

0. 

0. 

0. 

— 

... 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

... 

1300. 

0. 

0. 

0. 

... 

— 

... 

1350. 

0. 

0. 

0. 

... 



... 

1400. 

0. 

G. 

0. 

— 

... 

— 

1450. 

0. 

0. 

0. 

... 

... 

... 

1500. 

0. 

0. 

0. 

... 

... 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1550. 

0. 

0. 

0. 

— 

— 

— 

1600. 

0. 

0. 

0. 

... 

- — 

— 

1650. 

0. 

0. 

0. 

... 

— 

... 

1700. 

0. 

0. 

0. 

— 

— 

— 

1750. 

0. 

0. 

0. 

... 

— 

- — 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1800. 

0. 

0. 

0. 

... 

... 

... 

(2  sigma) 

0. 

0. 

0. 

... 

... 

... 

129 


Table  14.  Thermophysical  values  for  stable  phases  with  the  composition 
A100H  at  1.01325  bars  (1  atm).  The  tabulations  are  based  on  a 
fit  of  the  thermophysical  and  thermochemical  data  given  in 
Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

3v 

cm  /mol 

200. 

34.372 

diaspore 

17.801 

-4373. 

-39.664 

17.6435 

250. 

45.103 

26.675 

-2374. 

-36.172 

17.7030 

(2  sigma) 

0.108 

0.099 

5. 

0.097 

0.1664 

273.150 

49.230 

30.852 

-1281. 

-35.544 

17.7305 

298.150 

53.214 

35.339 

0. 

-35.339 

17.7602 

(2  sigina) 

0.114 

0.097 

0. 

0.097 

0.1333 

3UO. 

53.491 

3b. 6o9 

99. 

-35.340 

17.7624 

35u. 

60.222 

44.438 

2947. 

-36.017 

17.8219 

4u0. 

6b. 7b0 

52.8b2 

6101. 

-37.600 

17.8813 

45u. 

70.379 

oU.871 

9507. 

-39.744 

17.9407 

bUO. 

74.319 

68.496 

13127. 

-42.241 

18.0002 

(2  sigma) 

0.442 

0.155 

51. 

0.099 

0.3905 

550. 

77.718 

75.742 

16930. 

-44.960 

18.0596 

583.550  ' 

79.751 

80.405 

19572. 

-46.864 

18.0995 

583.550 

101.938 

boehmite 

104.866 

33847. 

-46.864 

20.3931 

600. 

103.357 

107.720 

35536. 

-48.494 

20.4426 

550. 

107.403 

116.155 

40806. 

-53.376 

20.5929 

700. 

111.098 

124.251 

46270. 

-58.152 

20.7432 

750. 

114.498 

132.034 

51911. 

-62.819 

20.8936 

(2  sigma) 

1.176 

0.880 

1083. 

1.303 

1.1698 

800. 

117.645 

139.525 

57716. 

-67.381 

21.0439 

850. 

120.576 

146.746 

53672. 

-71.838 

21.1942 

900. 

123.320 

153.717 

69770. 

-76.195 

21.3446 

950. 

125.900 

160.454 

76001. 

-80.453 

21.4949 

1000. 

128.336 

166.975 

82358. 

-84.617 

21.6452 

(2  sigma) 

1.496 

1.127 

1209. 

1.048 

1.3101 
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Table  15.  Thermochemical  properties  of  stable  phases  with  the  composition 
A100H  at  1.01325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

diaspore 

200. 

-997316. 

-946920. 

247.310 

-16465. 

-13671. 

3.570 

250. 

-999077. 

-934U42. 

195.157 

-17947. 

-12795. 

2.673 

(2  sigma) 

— 

— 

— 

406. 

403. 

0.084 

273. ibU 

-999533. 

-927998. 

177.462 

-18555. 

-12290. 

2.350 

29«. 150 

-999944. 

-921432. 

161.431 

-19171. 

-11689. 

2.043 

(2  sigma) 

— 

— 

— 

406. 

403. 

0.071 

300. 

-999971. 

-920945. 

160.351 

-19215. 

-11643. 

2.027 

350. 

-1000563. 

-907723. 

135.470 

-20351. 

-10289. 

1.536 

400. 

-1000910. 

-394434. 

116.301 

-41263. 

-7330. 

0.957 

450. 

-1001058. 

-881114. 

102.277 

-41179. 

-3092. 

0.359 

500. 

-1001042. 

-867786. 

90.657 

-41019. 

1132. 

-0.118 

(2  sigma) 

— 

— 

— 

414. 

401. 

0.042 

550. 

-1000894. 

-854467. 

81.150 

-40791. 

5336. 

-0.507 

533.550 

-1000733. 

-845540. 

75.686 

-40604. 

8145. 

-0.729 

boehmite 

583.550 

-986459. 

-845540. 

75.686 

-26330. 

3145. 

-0.729 

600. 

-985995. 

-841574. 

73.265 

-25860. 

9110. 

-0.793 

650. 

-984484. 

-829599. 

66.667 

-24349. 

11964. 

-0.961 

700. 

-982836. 

-817745. 

61.021 

-22720. 

14697. 

-1.097 

750. 

-981063. 

-806014. 

56.136 

-20980. 

17309. 

-1.206 

(2  sigma) 

— 

— 

— 

1085. 

979. 

0.068 

800. 

-979198. 

-794404. 

51.869 

-19137. 

19802. 

-1.293 

850. 

-977240. 

-782914. 

48.112 

-17195. 

22177. 

-1.363 

900. 

-975207. 

-771542. 

44.779 

-15160. 

24435. 

-1.418 

950. 

-983740. 

-759960. 

41.786 

-13038. 

26577. 

-1.461 

1000. 

-981455. 

-743241. 

39.084 

-10831. 

23605. 

-1.494 

12  sigma; 

— * 

1210. 

1049. 

0.055 
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Table  16 


Thermophysical  values  for  boehmite,  A100H,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fit  of  the  thermophysical 
and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/lmol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

cm^/mol 

2UU. 

42.915 

26.848 

-5383. 

-53.761 

19.2399 

2bU. 

55.388 

37.806 

-2916. 

-49.469 

19.3902 

(2  sigma) 

0.160 

0.541 

9. 

0.54U 

0.1823 

273.150 

60.436 

42.934 

-1574. 

-48.698 

19.4598 

298.150 

65.427 

48.446 

0. 

-48.446 

19.5350 

(2  sigma) 

0.234 

0.540 

0. 

0.540 

0.1338 

300. 

65.779 

48.852 

121. 

-48.447 

19.5406 

350. 

74.488 

59.664 

3634. 

-49.281 

19.6909 

400. 

81.397 

70.107 

7549. 

-51.236 

19.8412 

450. 

38.300 

80.132 

11807. 

-53.893 

19.9916 

500. 

93.911 

89.731 

16365. 

-57.001 

20.1419 

(2  sigma) 

0.910 

0.608 

116. 

0.542 

0. 5361 

550. 

98.890 

98.920 

21188. 

-60.397 

20.2922 

600. 

103.357 

107.720 

26246. 

-63.977 

20.4426 

650. 

107.403 

116.155 

31516. 

-67.668 

20.5929 

700. 

111.098 

124.251 

36980. 

-71.422 

20.7432 

750. 

114.498 

132.034 

42  621. 

-75.206 

20.8936 

(2  sigma) 

1.176 

0.880 

377. 

0.575 

1.1698 

800. 

117.645 

139.525 

48426. 

-78.993 

21.0439 

850. 

120.576 

146.746 

54382. 

-32.767 

21.1942 

900. 

123.320 

153.717 

60480. 

-86.516 

21.3446 

950. 

125.900 

160.454 

66712. 

-90.232 

21.4949 

1000. 

128.336 

166.975 

73068. 

-93.907 

21.6452 

(2  sigma) 

1.496 

1.127 

647. 

0.647 

1.8101 
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TaDle  17.  Thermochemical  properties  of  boehnite,  A100H,  at  1.U1325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements,  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-989536. 

-940450. 

245.620 

-8185. 

-7201. 

1.881 

250. 

-990329. 

-928076. 

193.911 

-9199. 

-6829. 

1.427 

(2  sigma) 

— 

— 

— 

1006. 

976. 

0.204 

273.150 

-990536. 

-922302. 

176.372 

-9553. 

-6593. 

1.261 

298.150 

-990654. 

-916050. 

160.488 

-9881. 

-6307. 

1.105 

(2  s’gma) 

— 

— 

— 

1006. 

973. 

0.170 

300. 

-990659. 

-915587. 

159.418 

-9902. 

-6285. 

1.094 

350. 

-990587. 

-903076. 

134.777 

-10374. 

-5642. 

0.842 

400. 

-990173. 

-890599. 

116.300 

-30526. 

-34  94. 

0.456 

450. 

-989468. 

-878192. 

101.938 

-29590. 

-170. 

0.020 

500. 

-988514. 

-365877. 

90.457 

-28491. 

3042. 

-0.313 

(2  sigma) 

— 

— 

— 

1016. 

965. 

0.101 

55U. 

-987347. 

-853668. 

81.075 

-27244. 

6136. 

-0.533 

6UU. 

-985995. 

-841574. 

73.265 

-25860. 

9110. 

-0.793 

550. 

-984484. 

-829599. 

66.6o7 

-24349. 

11964. 

-0.961 

700. 

-982836. 

-817745. 

□1.021 

-2272U. 

14697. 

-1.097 

750. 

-981068. 

-806014. 

56.136 

-20980. 

17309. 

-1.206 

(2  sigma) 

— 

— . 

— 

1085. 

979. 

0.068 

800. 

-979198. 

-794404. 

51.869 

-19137. 

19802. 

-1.293 

850. 

-977240. 

-782914. 

48.112 

-17195. 

22177. 

-1.363 

900. 

-975207. 

-771542. 

44.779 

-15160. 

24435. 

-1.418 

950. 

-983740. 

-759960. 

41.786 

-13038. 

26577. 

-1.461 

1000. 

-981455. 

-748241. 

39.084 

-10831. 

28605. 

-1.494 

(2  sigma) 

--- 

— - 

1210. 

1049. 

0.055 
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Table  18.  Thermophysical  values  for  diaspore,  A100H,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fit  of  the  thermophysical 
and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mo1  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H (298)]/T 
J/(mol  K) 

3v 

cm  /mol 

200. 

34.372 

17.801 

-4373. 

-39.664 

17.6435 

250. 

45.103 

26.675 

-2374. 

-36.172 

17.7030 

(2  sigma) 

0.108 

0.099 

5. 

0.097 

0.1664 

273.150 

49.230 

30.852 

-1281. 

-35.544 

17.7305 

298.150 

53.214 

35.339 

0. 

-35.339 

17.7602 

(2  sigma) 

0.114 

0.097 

0. 

0.097 

0.1333 

300. 

53.491 

35.669 

99. 

-35.340 

17.7624 

350. 

60.222 

44.438 

2947. 

-36.017 

17.8219 

400. 

65.750 

52.852 

6101. 

-37.600 

17.8813 

450. 

70.379 

50.871 

9507. 

-39.744 

17.9407 

500. 

74.319 

68.496 

13127. 

-42.241 

18.0002 

1 2 siyma) 

0.442 

0.155 

51. 

0.099 

0.3905 

5ou. 

77. 71a 

75.742 

15930. 

-44.960 

18.0596 

600. 

80.584 

82. o35 

20892. 

-47.815 

18.1191 

660. 

83.297 

89.198 

24993. 

-50.747 

18.1785 

700. 

85.018 

95.458 

29217. 

-53.719 

18.2380 

750. 

87.693 

101.437 

33551. 

-56.703 

18.2974 

(2  sigma) 

0.722 

0.355 

191. 

0.132 

0.8449 

800. 

89.502 

107.157 

37983. 

-59.679 

18.3569 

850. 

91.253 

112.638 

42504. 

-62.634 

18.4163 

900. 

92.791 

117.398 

47106. 

-55.559 

13.4758 

950. 

94.195 

122.954 

51781. 

-68.447 

18.5352 

1000. 

95.483 

127.813 

56523. 

-71.295 

18.5946 

(2  sigma) 

1.105 

0.561 

386. 

0.201 

1.3083 
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Table  19 


. Thermochemical  properties  of  diaspore,  A100H,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-997816. 

-946920. 

247.310 

-15465. 

-13671. 

3.570 

250. 

-999077. 

-934042. 

195.157 

-17947. 

-12795. 

2. 673 

(2  sigma) 

— 

— 

— 

406. 

403. 

0.084 

273.150 

-999533. 

-927998. 

177.462 

-18555. 

-12290. 

2.350 

29b. 130 

-999944. 

-921432. 

161.431 

-19171. 

-11689. 

2.048 

(2  sigma) 

— 

— 

— 

406. 

403. 

0.071 

300. 

-999971. 

-920945. 

160. 351 

-19215. 

-11643. 

2.027 

350. 

-1000563. 

-907723. 

135.470 

-20351. 

-10289. 

1.536 

400. 

-1000910. 

-894434. 

116.301 

-41263. 

-7330. 

0.957 

450. 

-1001058. 

-881114. 

102.277 

-41179. 

-3092. 

0.359 

500. 

-1001042. 

-867786. 

90.557 

-41019. 

1132. 

-0.118 

(2  sigma) 

— 

— 

— 

414. 

401. 

0.042 

550. 

-1000894. 

-854467. 

31.150 

-40791. 

5336. 

-0.507 

600. 

-1000639. 

-841166. 

73.230 

-40503. 

9518. 

-0.329 

650. 

-1000298. 

-827890. 

66.530 

-40162. 

13673. 

-1.099 

700. 

-999889. 

-314643. 

60.789 

-39773. 

17799. 

-1.328 

750. 

-999429. 

-801427. 

55.816 

-39341. 

21897. 

-1.525 

(2  sigma) 

— 

— 

— 

463. 

401. 

0.028 

300. 

-998931. 

-788243. 

51.467 

-38869. 

25964. 

-1.695 

850. 

-998408. 

-775091. 

47.631 

-38363. 

30001. 

-1.344 

900. 

-997871. 

-761970. 

44.224 

-37825. 

34007. 

-1.974 

950. 

-1007960. 

-748555. 

41.158 

-37258. 

37982. 

-2.088 

1000. 

-1007290. 

-734919. 

38.388 

-36665. 

41927. 

-2.190 

(2  sigma) 

— 

— 

579. 

425. 

0.022 
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Table  20.  Thermophysical  values  for  gibbsite,  A1(0H),,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fit  5f  the  thermophysical 
and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H (298)  [G-H(298)]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnv/mol 


2U0. 

60.817 

25U. 

77.745 

(2  sigma) 

0.091 

273.150 

84.744 

296.150 

91.756 

(2  sigma) 

0.151 

300. 

92.254 

350. 

104.736 

400. 

115.626 

450. 

125.273 

500. 

133.936 

(2  sigma) 

0.837 

550. 

141.813 

600. 

149.049 

650. 

155.758 

700. 

162.026 

750. 

167.923 

(2  sigma) 

1.419 

800. 

173.504 

850. 

178.812 

900. 

183.884 

950. 

188.750 

1000. 

193.434 

(2  sigma) 

2.308 

38.082 

-7564 

53.318 

-4089 

0.361 

5, 

60.712 

-2207 

68.440 

0, 

0.360 

0, 

69.009 

170. 

84.190 

5102 

98.903 

10617 

113.089 

16644 

126.744 

23128, 

0.435 

102 

139.884 

30025, 

152.538 

37299 

164.737 

44921 

176.511 

52867 

187.893 

61117 

0.759 

370 

198.910 

69654 

209.589 

78463 

219.955 

87532 

230.028 

96848 

239.829 

106404 

1.161 

774, 

-75.900 

31.9033 

-69.874 

31.9301 

0.360 

0.0774 

-68.793 

31.9426 

-68.440 

31.9560 

0.360 

0.0772 

-68.442 

31.9570 

-69.612 

31.9839 

-72.359 

32.0107 

-76.102 

32.0376 

-80.487 

32.0645 

0.363 

0.0814 

-85.294 

32.0913 

-90.373 

32.1182 

-95.627 

32.1450 

-100.987 

32.1719 

-106.403 

32.1988 

0.402 

0.0966 

-111.342 

32.2256 

-117.280 

32.2525 

-122.697 

32.2794 

-128.082 

32.3062 

-133.426 

32.3331 

0.501 

0.1188 
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TaDle  21.  Thermochemical  properties  of  gibbsite,  A1(0H)3,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements,  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-1291535. 

-1201456. 

313.788 

-20890. 

-14411. 

3.764 

250. 

-1293406. 

-1178707. 

246.277 

-24886. 

-12310. 

2.572 

(2  sigma) 

— - 

— 

— 

620. 

627. 

0.131 

273.150 

-1294065. 

-1168055. 

223.368 

-26474. 

-11074. 

2.113 

298.150 

-1294633. 

-1156496. 

202.613 

-28052. 

-9593. 

1.681 

(2  sigma) 

— 

— 

— 

620. 

630. 

0.110 

300. 

-1294669. 

-1155639. 

201.214 

-28164. 

-9478. 

1.650 

350. 

-1295369. 

-1132404. 

169.002 

-30977. 

-6136. 

0.916 

400. 

-1295566. 

-1109104. 

144.834 

-93054. 

1936. 

-0.253 

450. 

-1295318. 

-1085807. 

126.037 

-92071. 

13754. 

-1.597 

500. 

-1294677. 

-1062559. 

111.005 

-90793. 

25447. 

-2.653 

(2  sigma) 

— 

— 

— 

629. 

646. 

0.068 

550. 

-1293685. 

-1039393. 

98.713 

-39242. 

36998. 

-3.514 

600. 

-1292380. 

-1016331. 

88.479 

-37440. 

48396. 

-4.213 

650. 

-1290792. 

-993389. 

79.830 

-35405. 

59635. 

-4.792 

70U. 

-1288949. 

-970580. 

72.425 

-83151. 

70709. 

-5.276 

750. 

-1286872. 

-947910. 

66.018 

-30691. 

31614. 

-5.684 

(2  sigma) 

— 

— 

— 

722. 

69U. 

0.043 

800. 

-1284584. 

-925386. 

60.421 

-78035. 

92349. 

-6.030 

850. 

-1232102. 

-9O3011. 

55.492 

-75192. 

102912. 

-6.324 

900. 

-1279441. 

-880788. 

51.120 

-72171. 

113302. 

-6.576 

950. 

-1287240. 

-858393. 

47.198 

-68973. 

123520. 

-6.792 

1000. 

-1284135. 

-835901. 

43.663 

-65619. 

133565. 

-6.977 

(2  sigma) 

— 

— - 

— 

992. 

798. 

0.042 
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Table  2 2.  Thermopnysical  values  for  corundum,  A1~Q3,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a Tit  of  the  thermophysical 
and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

CP 

J/(mol  K) 

S. 

J/(mol  K) 

200. 

50.491 

24.844 

250. 

67.336 

38.033 

(2  sigma) 

— 

— 

273.150 

73.389 

44.267 

298.150 

79.030 

50.943 

(2  signa) 

— 

— 

300. 

79.416 

51.433 

350. 

38.490 

64.388 

400. 

95.532 

76.682 

450. 

101.132 

38.270 

500. 

105.668 

99.168 

(2  sigma) 

— 

— 

550. 

109.397 

109.420 

6uU. 

112.500 

119.075 

6SU. 

113.108 

128.186 

7UU. 

117.319 

13b. 800 

7bd. 

119.209 

144.960 

(2  sigma) 

— 

— 

800. 

120.835 

152.707 

850. 

122.244 

160.076 

900. 

123.473 

167.098 

950. 

124.552 

173.304 

1000. 

125.506 

180.217 

(2  sigma) 

— 

— 

1050. 

126.356 

186.362 

1100. 

127.118 

192.258 

1150. 

127.809 

197.924 

1200. 

128.439 

203.377 

1250. 

129.021 

208.632 

(2  sigma) 

— 

— 

1300. 

129.563 

213.703 

1350. 

130.073 

218.602 

1400. 

130.559 

223.341 

1450. 

131.026 

227.931 

1500. 

131.481 

232.381 

(2  sigma) 

— 

— 

1550. 

131.928 

236.699 

1600. 

132.372 

240.895 

1650. 

132.315 

244.975 

170U. 

133.262 

248.947 

175U. 

133.717 

252.816 

(2  sigma) 

— 

— 

18UU. 

134.180 

256 . 589 

(2  sigma) 

— 

— 

H-H(298) 

J/mol 

[G-H(298)]/T 
J/(mol  K) 

3v 

cm  /mol 

-6509. 

-57.386 

25.5339 

-3538. 

-52.183 

25.5667 

-1907. 

-51.248 

25.5819 

0. 

-50.943 

25.5983 

147. 

-50.945 

25.5995 

4354. 

-51.947 

25.6323 

8962. 

-54.278 

25.6650 

13884. 

-57.417 

25.6978 

19057. 

-61.053 

25.7306 

24437. 

-64.989 

25.7634 

29987. 

-69.098 

25.7961 

35679. 

-73.296 

25.3289 

41491. 

-77.527 

25.8617 

47405. 

-81.753 

25.8945 

53407. 

-85.948 

25.9273 

59485. 

-90.093 

25.9600 

65629. 

-94.178 

25.9928 

71330. 

-98.193 

25.0256 

78082. 

-102.135 

26.0584 

84379. 

-106.001 

26.0911 

90716. 

-109.789 

26.1239 

97089. 

-113.498 

26.1567 

103496. 

-117.130 

26.1895 

109933. 

-120.686 

26.2222 

116397. 

-124.166 

26.2550 

122888. 

-127.574 

26.2873 

129404. 

-130.910 

26.3206 

135944. 

-134.177 

26.3533 

142507. 

-137.376 

26.3861 

1490  92. 

-140.511 

26.4189 

155699. 

-143.583 

26.4517 

162329. 

-146.594 

26.4844 

163981. 

-149.546 

26.5172 

175655. 

-152.442 

26.5500 

182353. 

-155.282 

26.5828 

Table  23.  Thermochemical  properties  of  corundum,  Al-O.,,  at  1.01325  bars 
(1  atm).  Co’umns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation 

from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-1673409. 

-1612703. 

421.195 

0.0 

0.0 

0.0 

250. 

-1674870. 

-1597344. 

333.746 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

273.150 

-1675343. 

-1590143. 

304.084 

0.0 

0.0 

0.0 

298.150 

-1675738. 

-1582326. 

277.217 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

o.u 

0.0 

0.0 

30U. 

-1575763. 

-1581747. 

275.406 

0.0 

0.0 

0.0 

350. 

-1676247. 

-1566034. 

233.718 

0.0 

0.0 

0.0 

400. 

-1676430. 

-1550274. 

202.445 

0.0 

0.0 

0.0 

450. 

-1676390. 

-1534505. 

178.121 

0.0 

0.0 

0.0 

500.  • 

-1676186. 

-1518749. 

158.663 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— . 

0.0 

0.0 

0.0 

550. 

-1675866. 

-1503020. 

142.745 

0.0 

0.0 

0.0 

600. 

-1675467. 

-1487324. 

129.483 

0.0 

0.0 

0.0 

650. 

-1675020. 

-1471664. 

118.264 

0.0 

0.0 

0.0 

700. 

-1674551. 

-1456038. 

108.651 

0.0 

0.0 

0.0 

750. 

-1674083. 

-1440447. 

100.322 

0.0 

0.0 

0.0 

(2  sigma) 

... 

— 

. 

0.0 

0.0 

0.0 

300. 

-1673635. 

-1424886. 

93.035 

0.0 

0.0 

0.0 

850. 

-1673225. 

-1409352. 

86.608 

0.0 

0.0 

0.0 

900. 

-167  2 869. 

-1393840. 

80.896 

0.0 

0.0 

0.0 

950. 

-1693839. 

-1377699. 

75.751 

0.0 

0.0 

0.0 

1000. 

-1693359. 

-1361073. 

71.095 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1050. 

-1692852. 

-1344471. 

66.884 

0.0 

0.0 

0.0 

1100. 

-1692323. 

-1327894. 

63.056 

0.0 

0.0 

0.0 

1150. 

-1691774. 

-1311341. 

59.563 

0.0 

0.0 

0.0 

1200. 

-1691207. 

-1294812. 

56.362 

0.0 

0.0 

0.0 

1250. 

-1690624. 

-1278308. 

53.418 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

13UU. 

-1590026. 

-1261827. 

50.701 

0.0 

0.0 

0.0 

1350. 

-1689413. 

-1245369. 

48.186 

0.0 

0.0 

u.o 

1400. 

-1688787. 

-1228935. 

45.852 

0.0 

o.u 

0.0 

1450. 

-1688146. 

-1212523. 

43.680 

0.0 

0.0 

0.0 

1500. 

-1687492. 

-1196133. 

41.653 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1550. 

-1686823. 

-1179765. 

39.758 

0.0 

0.0 

0.0 

1600. 

-1686139. 

-1163420. 

37.982 

0.0 

0.0 

0.0 

1650. 

-1685439. 

-1147095. 

36.314 

0.0 

0.0 

0.0 

1700. 

-1684723. 

-1130793. 

34.745 

0.0 

0.0 

0.0 

1750. 

-1683988. 

-1114511. 

33.266 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1800. 

-1683234. 

-1098251. 

31.370 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— - 

— 

0.0 

0.0 

0.0 
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Table  24.  Thermophyslcal  values  for  stable  phases  with  the  composition 
Al-SiOc  at  1.01325  bars  (1  atm).  The  tabulations  are  based  on 
a Tit  of  the  thermophysical  and  thermochemical  data  given  in 
Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

[G-H (298)]/T 
J/(mol  K) 

3V 

cm  /mol 

2UU. 

60. 961 

kyanite 

41.0U7 

-10116. 

-92.388 

44.1175 

250. 

104.208 

62.455 

-5468. 

-84.326 

44.1618 

12  sigma) 

0.145 

0.303 

6. 

0.303 

0.0306 

273.150 

113.385 

72.U91 

-2947. 

-82.381 

44.1833 

290.150 

122.219 

82.410 

0. 

-82.410 

44.2071 

(2  sigma) 

0.121 

0.302 

0. 

0.302 

0.0229 

300. 

122.831 

83.168 

227. 

-82.413 

44.2089 

350. 

137.448 

103.246 

6748. 

-83.965 

44.2584 

400. 

148.930 

122.380 

13919. 

-87.581 

44.3098 

408.450 

150.616 

125.511 

15185. 

-88.334 

44.3187 

408.450' 

150.075 

andal usite 
134.690 

18934. 

-88.334 

51.6899 

450. 

156.958 

149.568 

25317. 

-93.307 

51.7443 

500. 

163.667 

166.465 

33339. 

-99.787 

51.3128 

(2  sigma) 

0.294 

0.353 

421. 

0.653 

0.0222 

550. 

169.038 

182.326 

41662. 

-106.577 

51.3841 

600. 

173.382 

197.227 

50226. 

-113.517 

51.9578 

650. 

176.937 

211.250 

58987. 

-120.500 

52.0335 

700. 

179.886 

224.473 

67910. 

-127.459 

52.1109 

750. 

182.375 

236.971 

76968. 

-134.347 

52.1898 

(2  sigma) 

0.313 

0.377 

433. 

0.408 

0.0230 

300. 

184.520 

248.811 

86141. 

-141.135 

52.2699 

850. 

186.413 

260.056 

95416. 

-147.802 

52.3511 

900. 

188.131 

270.760 

104780. 

-154.338 

52.4331 

942.450 

189.500 

279.462 

112795. 

-159.779 

52.5033 

942.450 

109.991 

si  1 1 imanite 
283.311 

116423. 

-159.779 

50.4826 

950. 

190.273 

284.828 

117858. 

-160.767 

50.4892 

iOUO. 

192.164 

294.836 

127419. 

-167.217 

50.5332 

(2  sigma) 

0.452 

0.368 

391. 

0.372 

U. 0109 

1050. 

194.126 

304.059 

137U76. 

-173.510 

50.5777 

1100. 

196.204 

313.137 

146834. 

-179.652 

50.6225 

1150. 

198.433 

321.907 

156699. 

-185.647 

50.6676 

1200. 

200.847 

330.403 

166680. 

-191.503 

50.7130 

1250. 

203.472 

338.654 

176787. 

-197.225 

50.7586 

(2  sigma) 

0.892 

0.380 

409. 

0.337 

0. 0170 

1300. 

206.334 

346.689 

137031. 

-202.819 

50.3044 

1350. 

209.453 

354.534 

197425. 

-208.294 

50.3503 

1400. 

212.348 

362.212 

207981. 

-213.654 

50.3964 

1450. 

216.535 

369.745 

213714. 

-218.907 

50.9425 

1500. 

220.529 

377.152 

229640. 

-224.059 

50.9888 

(2  si gma) 

2.330 

0.474 

609. 

0.320 

0.0303 

1550. 

224.842 

384.452 

240773. 

-229.115 

51.0351 

1600. 

229.488 

391.663 

252129. 

-234.082 

51.0816 

1650. 

234.475 

398.800 

263727. 

-238.966 

51.1280 

1700. 

239.813 

405.379 

275583. 

-243.771 

51.1746 

1750. 

245.511 

412.912 

287714. 

-243.503 

51.2211 

(2  sigma) 

6.160 

1.001 

1568. 

0.321 

0.0456 

1800. 

251.576 

419.912 

300140. 

-253.168 

51.2677 

(2  sigma) 

6.994 

1.171 

1882. 

0.327 

0.0488 
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Table  25 


. Thermochemical  properties  of  stable  phases  with  the  composition 
Al^SiOr  at  1.01325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation 

from  the 

El ements 

Formation  from  the  Oxides 

T 

H 

G 

log  K 

H G log  K 

1C 

J/mol 

J/mol 

J/mol  J/mol 

kyanite 

200.  -2592988. 

-2494666. 

651.539 

-9699. 

-7887. 

2.060 

250.  -2595078. 

-2469826. 

516.041 

-9834. 

-7419. 

1.550 

(2  sigma)  — 

— 

— 

520. 

491. 

0.103 

273.150  -2595769. 

-2458195. 

470.082 

-9891. 

-7193. 

1.375 

298.150  -2596346. 

-2445577. 

428.455 

-9937. 

-6944. 

1.217 

(2  sigma)  — 

— 

— 

520. 

487. 

0.085 

300.  -2596382. 

-2444641. 

425.650 

-9940. 

-6925. 

1.206 

350.  -2597064. 

-2419289. 

361.059 

-9986. 

-6418. 

0.958 

400.  -2597272. 

-2393874. 

312.608 

-9987. 

-5908. 

0.772 

408.450  -2597269. 

-2389577. 

305.591 

-9985. 

-5822. 

0.745 

andalusite 

408.450  -2593520. 

-2389577. 

305.591 

-6236. 

-5822. 

0.745 

450.  -2593410. 

-2368835. 

274.967 

-6252. 

-5779. 

0.671 

500.  -2593070. 

-2343898. 

244.365 

-6303. 

-5724. 

0.598 

(2  sigma)  — 

— 

504. 

438. 

0.046 

550.  -2592568. 

-2319004. 

220.241 

-6401. 

-5662. 

0.538 

6UU.  -2591961. 

-2294161. 

199.724 

-6558. 

-5589. 

0.487 

650.  -2591291. 

-2269371. 

182.369 

-6781. 

-5499. 

0.442 

700.  -2590596. 

-2244b34. 

167.497 

-7077. 

-5390. 

0.402 

750.  -2569901. 

-2219947. 

154.611 

-7447. 

-5257. 

0.366 

(2  sigma)  — 

— 

— 

512. 

429. 

0.030 

8U0.  -2589230. 

-2195306. 

143.339 

-7892. 

-5097. 

0.333 

850.  -2588602. 

-2170705. 

133.395 

-9121. 

-4902. 

0.301 

900.  -2583029. 

-2146140. 

124.559 

-9286. 

-4649. 

0.270 

942.450  -2608884. 

-2124834. 

117.767 

-9425. 

-4427. 

0.245 

si  1 1 imanite 

942.450  -2605257. 

-2124834. 

117.767 

-5798. 

-4427. 

0.245 

950.  -2605150. 

-2120986. 

116.620 

-5818. 

-4416. 

0.243 

1000.  -2604413. 

-2095523. 

109.459 

-5945. 

-4339. 

0.227 

(2  sigma)  — 

— 

— 

550. 

489. 

0.026 

1050.  -2503620. 

-2070097. 

102.982 

-6045. 

-4256. 

0.212 

1100.  -2602765. 

-2044711. 

97.095 

-6110. 

-4169. 

0.198 

1150.  -2601836. 

-2019366. 

91.722 

-6128. 

-4080. 

0.185 

1200.  -2600825. 

-1994062. 

86.799 

-6089. 

-3992. 

0.174 

1250.  -2599718. 

-1968803. 

82.272 

-5979. 

-3906. 

0.163 

(2  sigma) 

— 

— 

562. 

516. 

0.022 

1300.  -2598503. 

-1943590. 

78.094 

-5785. 

-3827. 

0.154 

1350.  -2597155. 

-1918426. 

74.228 

-5494. 

-3757. 

0.145 

1400.  -2595688. 

-1893314. 

70.640 

-5089. 

-3699. 

0.138 

1450.  -2594057. 

-1868258. 

67.302 

-4556. 

-3659. 

0.132 

1500.  -2592254. 

-1843260. 

64.138 

-3380. 

-3639. 

0.127 

(2  sigma)  — 

— 

— 

711. 

556. 

0.019 

1550.  -2590263. 

-1813325. 

61.277 

-3043. 

-3644. 

0.123 

1600.  -2588065. 

-1793459. 

58. 550 

-203U. 

-3679. 

0.120 

1650.  -2585642. 

-1768665. 

55.991 

-824. 

-3749. 

U.  119 

170U.  -2633484. 

-1743497. 

63.571 

594. 

-3858. 

0.119 

1760.  -2630411. 

-17173o5. 

51.261 

2239. 

-4013. 

0.120 

12  sigma)  — 

— 

— 

1601. 

621. 

0.019 

iaOO.  -2627049. 

-1691325. 

49.081 

4131. 

-4218. 

0.122 

(2  sigmaj  — 

— 

— - 

1907. 

545. 

0.019 
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Table  26.  Thermophysical  values  for  andalusite,  A1 2Si 05 , at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  a Tit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H (298)  [G-H (298)]/T  _V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

83.694 

250. 

106.213 

(2  sigma) 

0.149 

273.150 

114.981 

298.150 

123.374 

(2  sigma) 

0.129 

300. 

123.954 

350. 

137.744 

40U. 

148.501 

450. 

156.958 

500. 

163. 067 

U sigma) 

0.294 

550. 

169.038 

ooo. 

173.382 

650. 

176.937 

700. 

179.886 

750. 

182.375 

(2  sigma) 

0.313 

800. 

184.520 

850. 

186.413 

900. 

188.131 

950. 

189.737 

1000. 

191.283 

(2  signa) 

0.517 

1050. 

192.814 

1100. 

194.366 

1150. 

195.972 

1200. 

197.659 

1250. 

199.450 

(2  sigma) 

0.603 

1300. 

201.366 

1350. 

203.425 

1400. 

205.643 

1450. 

208.034 

1500. 

210.609 

(2  sigma) 

1.993 

1550. 

213.381 

1600. 

216.358 

i&bO. 

219.549 

1700. 

222.962 

1750. 

226.605 

(2  sigma) 

4.807 

1800. 

230.484 

(2  sigma) 

5.534 

50.069 

-10312 

71.256 

-5544 

0.346 

6 

31.052 

-2982 

91.492 

0 

0.345 

0 

92.257 

229 

112.444 

6786 

131.569 

13953 

149.568 

21598 

166.465 

296  20 

0.353 

35, 

182.326 

37942 

197.227 

46506 

211.250 

55267 

224.473 

64190, 

236.971 

73248, 

0.377 

88, 

248.811 

82422 

260.056 

91696, 

270.760 

101060, 

280.975 

110507, 

290.747 

120033, 

0.387 

133 

300.117 

129635, 

309.122 

139314 

317.797 

149073, 

326.173 

158913, 

334.278 

168840, 

0.399 

195, 

342.137 

178860 

349.775 

188979. 

357.213 

199205, 

364.470 

209546, 

371.566 

220012 

U.42U 

300, 

378.516 

230611, 

385.337 

241353, 

392.043 

252250. 

398.647 

263312, 

40b. 163 

274550, 

0.723 

1013, 

411.600 

285976, 

0.845 

1259, 

-101.630 

51.4657 

-93.432 

51.5103 

0.345 

0.0226 

-91.968 

51.5332 

-91.492 

51.5593 

0.345 

0.0155 

-91.494 

51.5613 

-93.057 

51.6179 

-96.687 

51.6791 

-101.573 

51.7443 

-107.226 

51.8128 

0.345 

0.0222 

-113.340 

51.8841 

-119.716 

51.9573 

-126.223 

52.0335 

-132.773 

52.1109 

-139.307 

52.1398 

0.348 

0.0230 

-145.784 

52.2699 

-152.178 

52.3511 

-158.471 

52.4331 

-164.652 

52.5158 

-170.714 

52.5992 

0.351 

0.0189 

-176.655 

52.6831 

-182.473 

52.7675 

-188.169 

52.8523 

-193.746 

52.9374 

-199.206 

53.0227 

0.354 

0.0312 

-204.553 

53.1083 

-209.790 

53.1941 

-214.923 

53.2800 

-219.955 

53.3661 

-224.391 

53.4523 

0.357 

0.0538 

-229.735 

53.5386 

-234.491 

53.6250 

-239.164 

53.7115 

-243.768 

53.7980 

-248.277 

53.8846 

0.361 

0.0796 

-252.724 

53.9712 

0.364 

0.0849 
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Table  27.  Thermochemical  properties  of  andalusite,  Al-SiO^,  at  1.C1325 
bars  (1  atm).  Columns  2 through  4 give  the  the?mochem ical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the  Elements  Formation  from  the  Oxides 


T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

2UO. 

-2589464. 

-2492795. 

651.051 

-6176. 

-6016. 

1.571 

25U. 

-2591434. 

-2468382. 

515.740 

-6190. 

-5976. 

1.249 

(2  sigma)  — 

— 

— 

500. 

462. 

0.097 

273. 15U 

-2592084. 

-2456957. 

469.845 

-6205. 

-5955. 

1.139 

29«. 150 

-2592626. 

-2444564. 

428.277 

-6217. 

-5932. 

1.039 

(2  sigma) 

— 

— 

500. 

456. 

0.080 

300. 

-2592660. 

-2443645. 

425.476 

-6218. 

-5930. 

1.032 

350. 

-2593307. 

-2413752. 

360.979 

-6229. 

-5881. 

0.878 

400. 

-2593519. 

-2393796. 

312.598 

-6234. 

-5831. 

0.761 

450. 

-2593410. 

-2368835. 

274.967 

-6252. 

-5779. 

0.671 

500. 

-2593070. 

-2343898. 

244.865 

-6303. 

-5724. 

0.  598 

(2  sigma)  — 

— 

... 

504. 

438. 

0.046 

550. 

-2592  568. 

-2319004. 

220.241 

-6401. 

-5662. 

0.538 

600. 

-2591961. 

-2294161. 

199.724 

-6558. 

-5589. 

0.487 

650. 

-2591291. 

-2269371. 

182.369 

-6781. 

-5499. 

0.442 

700. 

-2590596. 

-2244634. 

167.497 

-7077. 

-5390. 

0.402 

750. 

-2589901. 

-2219947. 

154.511 

-7447. 

-5257. 

0.366 

(2  sigma)  — 

— - 

— 

512. 

429. 

0.030 

300. 

-2589230. 

-2195306. 

143.339 

-7892. 

-5097. 

0.333 

850. 

-2588602. 

-2170705. 

133.395 

-9121. 

-4902. 

0.301 

900. 

-2588029. 

-2146140. 

124.559 

-9286. 

-4649. 

0.270 

950. 

-2608781. 

-2120957. 

116.618 

-9450. 

-4387. 

0.241 

1000. 

-2608080. 

-2095300. 

109.447 

-9611. 

-4116. 

0.215 

(2  sigma)  — 

— 

— 

518. 

440. 

0.023 

1050. 

-2607341. 

-2069679. 

102.961 

-9766. 

-3837. 

0.191 

UUU. 

-2606564. 

-2044094. 

97.066 

-9909. 

-3552. 

0.169 

1150. 

-2605743. 

-2018546. 

91.685 

-10034. 

-3260. 

0.148 

1200. 

-2604872. 

-1993034. 

36.754 

-10136. 

-2963. 

0.129 

125U. 

-2603945. 

-196  7 5 5 9. 

82.220 

-10206. 

-2663. 

0.111 

(2  sigma)  — 

— 

— 

533. 

470. 

0. 020 

130U. 

-2602954. 

-1942123. 

78.035 

-10237. 

-2360. 

U.  095 

1550. 

-2601890. 

-1916727. 

74.163 

-10219. 

-2057. 

0.080 

1400. 

-2600744. 

-1891371. 

70  . 568 

-10145. 

-1756. 

0.066 

1450. 

-2599505. 

-1866058. 

67.223 

-10004. 

-1459. 

0.053 

1500. 

-2598152. 

-1840789. 

64.102 

-9788. 

-1168. 

0.041 

(2  sigma)  — 

— 

— 

583. 

517. 

0.018 

1550. 

-2596705. 

-1815567. 

61.184 

-9485. 

-385. 

0.030 

1600. 

-2595121. 

-1790394. 

58.450 

-9086. 

-614. 

0.020 

1650. 

-2593399. 

-1765272. 

55.884 

-8581. 

-357. 

0.011 

1700. 

-2642035. 

-1739755. 

53.456 

-7957. 

-116. 

0.004 

1750. 

-2639855. 

-1713249. 

51.138 

-7205. 

104. 

-0.003 

(2  sigma)  — 

- — 

1139. 

578. 

0.017 

1800. 

-2637493. 

-1636808. 

48.950 

-6313. 

300. 

-0.009 

(2  sigma)  — 

— 

— - 

1367. 

595. 

0.017 

Tacle  id.  Thermopnysical  values  for  kyanite,  Al  ,SiQc,  at  1.01325  bars  (1 
atm).  Tne  taDulations  are  Dasea  on  a^fit^of  tne  thermopnysical 
ana  tnermocnemical  data  given  in  Section  1.5.5. 


T Cp  S H-rt (298)  [8-H(298)]/T  ,V 


K 

J/(mol  K) 

J/(mol  K) 

J/mol 

J/(mol  K) 

cm13 /mol 

200. 

80.961 

41.807 

-10115. 

-92.388 

44.1175 

250. 

104.208 

62.455 

-5468. 

-84.326 

44.1618 

(2  sigma) 

0.145 

0.303 

6. 

0.303 

0.0306 

273.150 

113.385 

72.091 

-2947. 

-82.881 

44.1833 

298.150 

122.219 

32.410 

0. 

-82.410 

44.2071 

(2  s^gma) 

0.121 

0.302 

0. 

0.302 

0.0229 

3G0. 

122.831 

83.168 

227. 

-32.413 

44.2089 

350. 

137.448 

103.246 

5748. 

-83.965 

44.2584 

400. 

148.930 

122.380 

13919. 

-87.581 

44.3098 

450. 

158.009 

140.466 

21602. 

-92. 462 

44.3630 

500. 

165.247 

157.503 

29690. 

-98.123 

44.4175 

(2  sigma) 

0.307 

0.311 

38. 

0.302 

0.01 73 

550. 

171.070 

173.535 

38103. 

-104.257 

44.4733 

500. 

175.801 

188.530 

46779. 

-110. 666 

44.5301 

550. 

179.539 

202.860 

55669. 

-117.216 

44.5878 

700. 

132.926 

215.299 

64737. 

-123.818 

44.5461 

750. 

i35. 567 

229.015 

73  953. 

-130.411 

44.7052 

12  sigma) 

0.351 

0.332 

89. 

0.304 

0.0153 

duu. 

188. J32 

241.075 

33297. 

-136.954 

44.7647 

o5d. 

190.121 

252.538 

92752. 

-143.418 

44.3247 

900. 

192. U1 5 

263. 4oO 

102306. 

-149.786 

44.8850 

950. 

193.780 

273.889 

111951. 

-156.046 

44.9457 

iuOu. 

195.471 

283.872 

121683. 

-162.139 

45.0067 

(2  sigma) 

0.534 

0.339 

140. 

0.305 

0.0144 

1050. 

197.137 

293.449 

131498. 

-168.213 

45.0679 

1100. 

198.816 

302.559 

141397. 

-174.116 

45.1292 

1150. 

200.543 

311.534 

151380. 

-179.899 

45.1908 

1200. 

202.346 

320.107 

161452. 

-135.564 

45.2524 

1250. 

204.251 

328.406 

171617. 

-191.112 

45.3142 

(2  sigma) 

0.375 

0.350 

194. 

0.306 

0.0238 

1300. 

206.280 

336.455 

181879. 

-196.548 

45.3761 

1350. 

208.451 

344.231 

192247. 

-201.876 

45.4381 

1400. 

210.782 

351.903 

202727. 

-207.098 

45.5001 

1450. 

213.237 

359.343 

213328. 

-212.220 

45.5622 

1500. 

215.979 

356.619 

224059. 

-217.246 

45.5244 

(2  sicma) 

2.369 

0.452 

453. 

0.309 

0.0500 

1550. 

218.371 

373.747 

23  4 929. 

-222.180 

45. 5866 

1600. 

221.972 

330.744 

245949. 

-227.025 

45.7488 

1550. 

225.293 

387.525 

257130. 

-231.789 

45.3111 

1700. 

223.840 

394.403 

258483. 

-236.472 

45.3734 

1750. 

232.523 

401.090 

2S0013. 

-241.080 

45.9357 

(2  sterna) 

6.734 

1.039 

1557. 

0.326 

0. 0731 

1800. 

236.547 

407.599 

291745. 

-245.517 

45.9980 

(2  sigma) 

7.687 

1.228 

1908. 

0.335 

0.0778 

TaDle  29.  Thermocnemical  properties  of  fcyanite,  Al-SiO-,  at  1.01225  bars 
(1  atm) . Columns  2 through  4 give  the  tnermSchemical  /alues 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

8 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-2592988. 

-2494666. 

651.539 

-96  99. 

-7887. 

2.060 

250. 

-2595078. 

-2469825. 

516.041 

-9834. 

-7419. 

1.550 

(2  s’gma) 

— 

— 

— 

520. 

491. 

0.103 

273.150 

-2595769. 

-2453195. 

470.032 

-9891. 

-7193. 

1.375 

298.150 

-2596346. 

-2445577. 

428.455 

-9937. 

-6944. 

1.217 

(2  sigma) 

— 

— 

— 

520. 

437. 

0.035 

300. 

-2596382. 

-2444641. 

425.650 

-9940. 

-6925. 

1.206 

350. 

-2597064. 

-2419289. 

361.059 

-9936. 

-6413. 

0.958 

400. 

-2597272. 

-2393874. 

312.608 

-9987. 

-5908. 

0.772 

450. 

-2597126. 

-2368455. 

274.923 

-9963. 

-5399. 

0.527 

5uvj. 

-2590719. 

-2343067. 

244.778 

-9953. 

-4393. 

0.511 

(2  sigma) 

— 

— 

— 

524. 

472. 

0.049 

55o. 

-2596127. 

-2317729. 

220.119 

-9960. 

-4337. 

0.417 

600. 

-2595408. 

-2292451. 

199.575 

-10005. 

-3378. 

0.333 

6o0. 

-2594609. 

-2257236. 

182.197 

-10099. 

-3364. 

0.270 

700. 

-2593769. 

-2242085. 

167.306 

-10250. 

-2841. 

0.212 

750. 

-2592916. 

-2216995. 

154.405 

-10462. 

-2305. 

0.161 

(2  sigma) 

— 

— 

— 

531. 

463. 

0.032 

300. 

-2592075. 

-2191961. 

143.120 

-10736. 

-1752. 

0.114 

850. 

-2591265. 

-2156979. 

133.166 

-11785. 

-1176. 

0.072 

900. 

-2590503. 

-2142043. 

124.321 

-11759. 

-552. 

0.032 

950. 

-2611057. 

-2115501. 

116.373 

-11725. 

70. 

-3.004 

1000. 

-2610149. 

-2090495. 

109.196 

-11581. 

589. 

-0.035 

(2  sigma) 

... 

— 

— 

534. 

469. 

0.025 

1050. 

-2509198. 

-2064535. 

102.705 

-11623. 

1306. 

-0.065 

1100. 

-2608201. 

-2038622. 

96.306 

-11547. 

1920. 

-0.091 

1150. 

-2507155. 

-2012755. 

91.422 

-11447. 

2530. 

-0.115 

1200. 

-2606053. 

-1986935. 

36.489 

-11317. 

3135. 

-0.136 

1250. 

-2604889. 

-1961162. 

31.952 

-11149. 

3734. 

-0. 156 

(2  sigma) 

— 

— 

546. 

490. 

0.020 

1300. 

-2603655. 

-1935437. 

77.767 

-10937. 

4325. 

-0.174 

1350. 

-2602342. 

-1909751. 

73.393 

-10671. 

4908. 

-0.190 

1400. 

-2600942. 

-1384136. 

70. 293 

-10343. 

54  79. 

-0.204 

145u. 

-2599443. 

-io53562. 

56. 953 

-9943. 

6037. 

-0.217 

1500. 

-2597835. 

-1833041. 

63.832 

-9461. 

5580. 

-0.229 

U sigma) 

— 

— 

— 

596 . 

a22. 

0.013 

1330. 

-259oi06. 

-1807575. 

00. 915 

-8887 . 

7106. 

-0.239 

loOO. 

-2594^45. 

-17821o9. 

58. 132 

-8210. 

7611. 

-0.248 

1330. 

-2592239. 

-1756622. 

55.616 

-7420. 

8094. 

-0.256 

1700. 

-2640584. 

-1731089. 

53.190 

-6506. 

3550. 

-0.253 

1750. 

-2638107. 

-1704374. 

50.373 

-5457. 

3978. 

-0.263 

(2  siana) 

— 

— 

— 

1665. 

535. 

0.017 

1800. 

-2635440. 

-1677734. 

48.587 

-4250. 

9374. 

-0.272 

(2  sigma) 

— 

— 

— 

2003. 

510. 

0.013 

Table  30.  Thermophysical  values  for  sillimanite,  Al.SiOc,  at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  a Tit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H (298)]/T 
J/(mol  K) 

3v 

cm  /mol 

200. 

36.686 

53.855 

-10377. 

-105.733 

49.9871 

250. 

106.536 

75.362 

-5539. 

-97.518 

50.0005 

(2  sigma) 

0.133 

0.334 

6. 

0.333 

0.0219 

273.150 

114.355 

85.165 

-2975. 

-96.057 

50.0085 

29d. lbu 

123.013 

95.581 

0. 

-95.581 

50.0183 

(2  signa) 

0.116 

0.333 

0. 

0.333 

0.0165 

3UU. 

123.583 

96.344 

228. 

-95.584 

50.0190 

350. 

137.289 

116.464 

6763. 

-97.141 

50.0419 

400. 

148.127 

135.533 

13909. 

-100.760 

50.0684 

450. 

156. b78 

153.493 

21538. 

-105.632 

50.0980 

500. 

153.450 

170.365 

29547. 

-111.270 

50.1303 

(2  sigma) 

0.230 

0.338 

28. 

0.333 

0.0144 

550. 

168.852 

186.206 

37860. 

-117.370 

50.1648 

600. 

173.204 

201.091 

46415. 

-123.733 

50.2012 

650. 

176.760 

215.100 

55167. 

-130.228 

50.2391 

700. 

179.721 

228.311 

64081. 

-136.766 

50.2785 

750. 

182.248 

240.799 

73132. 

-143.289 

50.3190 

(2  sigma) 

0.345 

0.351 

74. 

0.334 

0.0143 

800. 

184.470 

252.633 

82301. 

-149.757 

50.3604 

850. 

186.492 

263.878 

91576. 

-156.142 

50.402  7 

900. 

138.403 

274.592 

100948. 

-162.427 

50.4456 

950. 

190.273 

284.828 

110415. 

-168.602 

50.4892 

1000. 

192.164 

294.636 

119976. 

-174.660 

50.5332 

(2  sigma) 

0.452 

0.368 

139. 

0.335 

0.0109 

1050. 

194.126 

304.059 

129633. 

-180.599 

50.5777 

1100. 

196.204 

313.137 

139390. 

-186.418 

50.6225 

1150. 

198.433 

321.907 

149256. 

-192.120 

50.6676 

1200. 

200.347 

330.403 

159237. 

-197.705 

50.7130 

1250. 

203.472 

338.654 

169344. 

-203.179 

50.7586 

(2  sigma) 

0.892 

0.380 

188. 

0.337 

0.0170 

1300. 

206.334 

346.689 

179538. 

-208.545 

50.3044 

1350. 

209.453 

354.534 

189982. 

-213.807 

50.3503 

1400. 

212.848 

362.212 

200538. 

-218.971 

50.3964 

1450. 

21o.535 

369.745 

211271. 

-224.040 

50.9425 

1300. 

220.529 

377.152 

222197. 

-229.021 

50.9888 

(2  sigma) 

2.830 

0.474 

458. 

0.340 

0.0303 

1330. 

224.842 

384.452 

233329. 

-233.917 

51.0351 

1600. 

229.488 

391.663 

244686. 

-238.734 

51.0816 

1650. 

234.475 

398.300 

256284. 

-243.477 

51.1280 

1700. 

239.813 

405.879 

268140. 

-248.149 

51.1746 

1750. 

245.511 

412.912 

280271. 

-252.757 

51.2211 

(2  sigma) 

6.160 

1.001 

1488. 

0.353 

0.0456 

1800. 

251.575 

419.912 

292697. 

-257.303 

51.2577 

(2  sigma) 

6.994 

1.171 

1809. 

0.360 

0.0488 
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Table  31.  Thermochemical  properties  of  sillimanite,  Al-SiOc,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  thermochemical 
values  relative  to  the .el ements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

1 og  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

2UU. 

-25858U5. 

-2489893. 

650.293 

-2517. 

-3114. 

0.813 

25U. 

-2587706. 

-2465680. 

515.175 

-2462. 

-3274. 

0.684 

(2  sigma) 

— 

— 

— 

537. 

505. 

0.106 

273.150 

-2588354. 

-2454351. 

469.347 

-2475. 

-3349. 

0.640 

298.150 

-2588902. 

-2442060. 

427.839 

-2494. 

-3428. 

0.601 

(2  sigma) 

— 

— 

... 

537. 

500. 

0.088 

300. 

-2588937. 

-2441149. 

425.042 

-2496. 

-3433. 

0.598 

350. 

-2589606. 

-2416458. 

360.636 

-2528. 

-3587. 

0.535 

400. 

-2589839. 

-2391702. 

312.324 

-2554. 

-3737. 

0.488 

450. 

-2539747. 

-2366938. 

274.747 

-2589. 

-3882. 

0.451 

500. 

-2589418. 

-2342197. 

244.687 

-2652. 

-4023. 

0.420 

(2  sigma) 

— 

— 



539. 

485. 

0.051 

550. 

-2588927. 

-2317498. 

220.097 

-2760. 

-4155. 

0.395 

600. 

-2588328. 

-2292848. 

199.610 

-2925. 

-4276. 

0.372 

550. 

-2587668. 

-2268251. 

182.279 

-3158. 

-4379. 

0.352 

700. 

-2586981. 

-2243706. 

167.427 

-3462. 

-4462. 

0.333 

750. 

-2536294. 

-2219211. 

154.559 

-3840. 

-4521. 

0.315 

(2  sigma) 

— 

— 

— 

543. 

479. 

0.033 

300. 

-2585628. 

-2194760. 

143.303 

-4289. 

-4552. 

0.297 

850. 

-2584999. 

-2170351. 

133.373 

-5518. 

-4548. 

0.279 

900. 

-2584417. 

-2145977. 

124.549 

-5674. 

-4486. 

0.260 

950. 

-2605150. 

-2120986. 

116.620 

-5818. 

-4416. 

0.243 

luOO. 

-2504413. 

-2095523. 

109.459 

-5945. 

-4339. 

0.227 

U sigma) 

— 

— 

— 

550. 

489. 

0.026 

lu5u. 

-260402U. 

-2U 70097. 

102.982 

-6045. 

-4256. 

0.212 

11UU. 

-2602765. 

-2044711. 

97.095 

-6110. 

-4169. 

U.  198 

1150. 

-2601836. 

-2019366. 

91.722 

-6128. 

-4080. 

0.185 

1200. 

-2600825. 

-1994062. 

8b. 799 

-6089. 

-3992. 

0.174 

1250. 

-2599713. 

-1968803. 

82.272 

-5979. 

-3906. 

0.163 

(2  sigma) 

— 

— 

— 

562. 

516. 

0.022 

1300. 

-2598503. 

-1943590. 

78. 094 

-5785. 

-3827. 

0.154 

1350. 

-2597165. 

-1918426. 

74.228 

-5494. 

-3757. 

0.145 

1400. 

-2595688. 

-1893314. 

70.640 

-5089. 

-3699. 

0.138 

1450. 

-2594057. 

-1868258. 

57.302 

-4556. 

-3659. 

0.132 

1500. 

-2592254. 

-1843260. 

64.188 

-3880. 

-3639. 

0.127 

(2  signa) 

... 

— 

711. 

556. 

0.019 

1550. 

-2590263. 

-1818326. 

61.277 

-3043. 

-3644. 

0.123 

1600. 

-2588065. 

-1793459. 

58.550 

-2030. 

-3679. 

0.120 

1650. 

-2585642. 

-1768665. 

55.991 

-324. 

-3749. 

0.119 

1700. 

-2633484. 

-1743497. 

53.571 

594. 

-3858. 

0.119 

1750. 

-2630411. 

-1717365. 

51.261 

2239. 

-4013. 

0.120 

(2  sigma) 

— 

... 

— 

1601. 

621. 

0.019 

1300. 

-2627049. 

-1691325. 

49.081 

4131. 

-4218. 

0.122 

(2  sigma) 

--- 

... 

1907. 

645. 

0.019 
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Table  32.  Thermophysical  values  for  kaolinite,  Al2Si20c(0H). , at  1.01325 
bars  (1  atm).  The  tabulations  are  based  on  2 fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.6.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

10-H(298)]/T 
J/(mol  K) 

3V 

cm  /mol 

200. 

174.249 

120.780 

-20937. 

-225.465 

99.1332 

250. 

215.518 

164.291 

-11149. 

-208.887 

99.3116 

(2  sigma) 

0.726 

1.073 

34. 

1.064 

0.6797 

273.150 

231.285 

184.079 

-5974. 

-205.949 

99.3943 

298.150 

246.285 

204. 995 

0. 

-204.995 

99.4835 

(2  sigma) 

1.064 

1.064 

0. 

1.064 

0.6632 

300. 

247.318 

206.522 

457. 

-205.000 

99.4901 

350. 

271.802 

246  . 566 

13461. 

-208.106 

99.6686 

400. 

290.742 

284.150 

27545. 

-215.289 

99.8471 

450. 

305.433 

319.280 

42465. 

-224.914 

100.0256 

500. 

316.809 

352.075 

58033. 

-236.009 

100.2041 

(2  sigma) 

3.746 

1.335 

331. 

1.076 

0.3451 

550. 

325.552 

382.699 

74  1 02. 

-247.968 

100.3826 

600. 

332.168 

411.323 

90553. 

-260.402 

100.5611 

650. 

* 33  7.03  9 

438.114 

107289. 

-273.053 

100.7396 

700. 

- 340.459 

463.224 

124232. 

-285.749 

100.9181 

750. 

342.658 

486.795 

141315. 

-298.375 

101.0965 

(2  sigma) 

27.539 

5.362 

3480. 

1.275 

1.3386 

800. 

343.819 

508.952 

158481. 

-310.350 

101.2750 

850. 

344.089 

529.808 

175682. 

-323.123 

101.4535 

9U0. 

343.588 

549.465 

192877. 

-335.157 

101.6320 

950. 

342.413 

568.013 

210030. 

-346.929 

101.8105 

10O0. 

340.648 

585.534 

227108. 

-358.425 

101.9890 

(2  sigma) 

64.234 

17.834 

14682. 

3.346 

1.9222 

1050. 

338. 360 

602.101 

244086. 

-369.638 

102.1675 

1100. 

335. 608 

617.779 

260937. 

-380.564 

102.3460 

1150. 

332.441 

632.629 

277640. 

-391.204 

102.5245 

1200. 

328.902 

646.704 

294175. 

-401.559 

102. 7029 

1250. 

325.026 

660.053 

310524. 

-411.634 

102.8814 

(2  sigma) 

107.558 

36.620 

36001. 

7.920 

2.5344 
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Table  33.  Thermochemical  properties  of  kaolinite,  Al-Si „0r (UH ). , at 
1.U1325  bars  (1  atm).  Columns  2 through  4 give°the  4 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-4124570. 

-3909897. 

1021.160 

-45149. 

-38446. 

10.041 

250. 

-4129704. 

-3855611. 

805.585 

-49937. 

-361  92. 

7.562 

(2  sigma) 

— 

— 

— 

1048. 

964. 

0.201 

273.150 

-4131701. 

-3830138. 

732.439 

-51824. 

-34833. 

6.661 

298.150 

-4133616. 

-3802451. 

666.173 

-53707. 

-33194. 

5.315 

(2  sigma) 

--- 

... 

... 

1049. 

955. 

0.167 

300. 

-4133748. 

-3800396. 

661.707 

-53842. 

-33066. 

5.757 

350. 

-4136906. 

-3744577. 

558.847 

-57287. 

-29327. 

4.377 

40U. 

-4139383. 

-3688353. 

481.649 

-139990. 

-19309. 

2.521 

450. 

-4141357. 

-3631852. 

421.574 

-138920. 

-4287. 

0.498 

5UU. 

-4142976. 

-3575151. 

373.493 

-137814. 

10613. 

-1.109 

(2  sigma) 

• — 

— 

— 

1124. 

944. 

0.099 

550. 

-4  1 44  363. 

-3518300. 

334.140 

-136748. 

25403. 

-2.413 

oUQ. 

-4145618. 

-3461329. 

301.335 

-135786. 

40101. 

-3.491 

650. 

-4146828. 

-340425b. 

273.569 

-134981. 

54724. 

-4.398 

700. 

-4148064. 

-3347088. 

249.763 

-134378. 

69293. 

-5.171 

750. 

-4149389. 

-3289830. 

229.124 

-134014. 

83826. 

-5.838 

(2  sigma) 

— 

— 

— 

3614. 

1123. 

0.078 

800. 

-4150856. 

-3232480. 

211.059 

-133922. 

98345. 

-6.421 

850. 

-4152512. 

-3175031. 

195.114 

-135554. 

112876. 

-6.937 

900. 

-4154400. 

-3117479. 

180.934 

-135240. 

127480. 

-7.399 

950. 

-4135095. 

-3104120. 

170.676 

-135139. 

142072. 

-7.312 

1000. 

-4134636. 

-3049871. 

159.309 

-135276. 

156664. 

-8.183 

(2  sigma) 

— 

14683. 

3385. 

0.177 

1050. 

-4134371. 

-2995640. 

149.025 

-135573. 

171270. 

-3.520 

1100. 

-4134319. 

-2941417. 

139.676 

-136348. 

185901. 

-3.828 

1150. 

-4134500. 

-2887191. 

131.140 

-137319. 

200569. 

-9.110 

1200. 

-4134928. 

-2832952. 

123.315 

-138601. 

215286. 

-9.371 

1250. 

-4135619. 

-2778690. 

116.115 

-140208. 

230063. 

-9.614 

(2  sigma) 

— 

— 

— 

35975. 

9926. 

0.415 

ladle  34.  Thermophysical  values  for  dickite,  AloSio^MOH) . , at  1.01325 
bars  (1  atm).  The  tabulations  are  based^oS  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H(298)  [G-H(298)]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

250. 

(2  sigma) 

273.150 

298.150 
(2  sigma) 

300. 

35u. 

400. 

450. 

500. 

U sigma; 
550. 
bOO. 

650. 

700. 

750. 

(2  sigma) 
300. 

850. 

S00. 

950. 

1000. 

(2  sigma) 
1050. 
1100. 
1150. 
1200. 
1250. 

(2  si gma) 


168.792 

208.625 

0.584 

224.230 

239.361 
0.764 

240.416 

265.995 

286.869 

304.136 

318.391 

2.151 

380.811 

341.226 

350.159 

357.362 
364.529 

2.320 

370.315 

375.344 

379.720 

383.524 

386.827 

3.397 

389.586 

392.152 

394.265 

396.063 

397.575 

5.430 


115.478 

157.588 

3.231 

176.756 

197.058 

3.229 

198.542 

237.593 

274.519 

309.336 

842.150 

3.297 

373. 104 
402.346 
430.021 
456.259 
481.182 

3.621 

504.397 

527.502 

549.083 

569.717 

589.475 

3.984 

608.420 

626.606 

644.086 

660.905 

677.104 
4.305 


-20284. 

-10812. 

32. 

-5798. 

0. 

0. 

444. 

13126. 

26965. 

41753. 

57332. 

276. 

73575. 

90383. 

107673. 

125379. 

143442. 

891. 

161817. 

180461. 

199340. 

218424. 

237684. 

1529. 

257099. 

276646. 

296308. 

316063. 

335910. 

2252. 


-216.900 

-200.335 

3.229 

-197.984 

-197.053 

3.229 

-197.063 

-2UU.088 

-207.107 

-216.550 

-227.486 

3.231 

-239.330 

-251.708 

-264.369 

-277.147 

-289.925 

3.262 

-302.626 

-315.194 

-327.593 

-339.798 

-351.791 

3.336 

-363.564 

-375.109 

-386.427 

-397.515 

-408.377 

3.434 


98.9363 
99.1218 
0.2135 
99.2075 
99.3000 
0.1801 
99.3068 
99.4918 
99.6768 
99.8618 
100.0468 
U.  5495 
100.2318 
100.4168 
100.6018 
100.7868 
100.9718 
1.1761 
101.1563 
101.3418 
101.5263 
101.7118 
101.3968 
1.8143 
102.0818 
102.2668 
102.4518 
102.6368 
102.3218 
2.4550 
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Table  35.  Thermochemical  properties  of  dickite,  Al_Si 205(0H)d,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the^tnermochemical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K. 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

2QU. 

-4122604. 

-3906870. 

102U.J09 

-43183. 

-35419. 

9.251 

250. 

-41280S3. 

-3852284. 

804.890 

-48286. 

-32  865. 

6.867 

(2  siyma) 

— 

- — 

— 

1240. 

1479. 

0.309 

273.150 

-413U211. 

-382b649. 

731.772 

-50335. 

-31344. 

5.994 

298.150 

-4132302. 

-3798770. 

665.528 

-52393. 

-29513. 

5.171 

(2  sigma) 

— 

— 

— 

1239. 

1569. 

0.275 

300. 

-4132447. 

-3796700. 

661.064 

-52540. 

-29371. 

5.114 

350. 

-4135926. 

-3740456. 

558.232 

-56308. 

-25206. 

3.  762 

400. 

-4138648. 

-3683767. 

481.050 

-139256. 

-14722. 

1.922 

450. 

-4140754. 

-3626774. 

420.985 

-138317. 

791. 

-0.092 

500. 

-4142363. 

-3569575. 

372.911 

-137200. 

16189. 

-1.691 

(2  sigma) 

— - 

- 

1270. 

2036. 

0.213 

550. 

-4143575. 

-3512234. 

333.564 

-135960. 

31468. 

-2.989 

600. 

-4144474. 

-3454798. 

300.767 

-134641. 

46631. 

-4.060 

650. 

-4145130. 

-3397297. 

273.010 

-133283. 

61682. 

-4.957 

700. 

-4145604. 

-3339753. 

249.215 

-131917. 

76629. 

-5.718 

750. 

-4145947. 

-3282179. 

228.591 

-130572. 

91478. 

-6.371 

(2  sigma) 

— 

— 

— 

1526. 

2742. 

0.191 

300. 

-4146206. 

-3224586. 

210.544 

-129272. 

106238. 

-6.937 

850. 

-4146419. 

-31  66978. 

194.619 

-129461. 

120930. 

-7.431 

900. 

-4146622. 

-3109358. 

180.462 

-127462. 

135601. 

-7.870 

950. 

-4125387. 

-3096031. 

170.232 

-125431. 

150161. 

-8.256 

1000. 

-4122746. 

-3041923. 

158.394 

-123386. 

164612. 

-8.598 

(2  sigma) 

— 

— 

— 

1963. 

3559. 

0.186 

1050. 

-4120044. 

-2987948. 

148.642 

-121345. 

178962. 

-8.903 

1100. 

-4117296. 

-29341U3 . 

139.329 

-119324. 

193215. 

-9.175 

1150. 

-4114517. 

-2880384. 

130.331 

-117336. 

207377. 

-9.419 

1200. 

-4111721. 

-2826785. 

123.047 

-115394. 

221453. 

-9.640 

1250. 

-4108919. 

-2773304. 

115.890 

-113509. 

235449. 

-9.839 

(2  sigma) 

— 

2571. 

4467. 

0.187 
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Table  36.  Thermophysical  values  for  halloysite,  Al-SipO^OH),. , at  1.01325 
bars  (1  atm).  The  tabulations  are  based^on^a^fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H(298)  [G-H(298)]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

250. 

(2  sigma) 

273.150 

298.150 
(2  sigma) 

300. 

350. 

400. 

450. 

500. 

(2  sigma) 
550. 

600. 

650. 

700. 

750. 

(2  sigma) 
800. 

850. 

900. 

950. 

1000. 

(2  sigma) 
1050. 
110U. 
1150. 
1200. 
1250. 

(2  sigma) 


173.879 
215.076 
0.609 
230.388 
244.925 
0.787 
245.929 
269.953 
289.211 
304.997 
318.165 
2.342 
329. 303 
338.828 
347.050 
354.200 
360.456 

3.333 
365.957 
370.813 
375.115 
378.935 

382.333 
5.036 
38b. 360 
388.057 
390.461 
392.602 
394.507 
8.439 


119.323 
162.787 
3.231 
182.517 

203.334 

3.229 
204.852 
244.639 
281.988 
316.993 
349.829 
3.308 
380.690 
409.762 
437.215 
463.202 
487.357 
3.689 
511.300 
533.635 
554.954 
575.340 
594.865 
4. 180 
613.593 
631.584 
648.888 
665.552 
681.618 
4.825 


-20883. 

-11105. 

33. 

-5945. 

0. 

0. 

454. 

13374. 

27370. 

42238. 

57827. 

297. 

74021. 

90730. 

107882. 

125417. 

143287. 

975. 

161450. 

179872. 

198522. 

217375. 

236409. 

1799. 

255603. 

274939. 

294403. 

313981. 

333660. 

3071. 


-223.736 

-207.209 

3.229 

-204.283 

-203.334 

3.229 

-203.339 

-206.426 

-213.562 

-223.130 

-234.176 

3.231 

-246.107 

-258.545 

-271.243 

-284.034 

-296.808 

3.267 

-309.487 

-322.020 

-334.373 

-346.523 

-358.456 

3.356 

-370.162 

-381.639 

-392.885 

-403.901 

-414.690 

3.484 


99.0368 
99.2218 
1.2921 
99.3075 
99.4000 
1.2861 
99.4068 
99.5918 
99.7768 
99.9618 
100.1468 
1.3869 
100.33  1 8 
100.5168 
100.7018 
100.8868 
101.0718 
1.7335 
101.2568 
101.4418 
101.6268 
101.8118 
101.9968 
2.2166 
102.1813 
102.3668 
102.5518 
102.7368 
102.9218 
2.7656 


152 
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Table  37.  Thermochemical  properties  of  hallcysite,  AKSi^OgtOH).,  at 
1.01325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation 

from  the 

Elements 

Formation  from  the  Oxides 

T 

H 

G 

log  K 

H G log  K 

K 

J/mol 

J/mol 

J/mol  J/mol 

200. 

-4105755. 

-3890790. 

1016.169 

-26334. 

-19339. 

5.051 

250. 

-4110899. 

-3836430. 

801.578 

-31132. 

-17011. 

3.554 

(2  sigma) 

— 

— 

— 

1199. 

1445. 

0.302 

273.150 

-4112911. 

-3810922. 

728.764 

-33035. 

-15617. 

2.986 

29b. 15U 

-4114854. 

-3783194. 

662.799 

-34946. 

-13937. 

2.442 

(2  sigma) 

— 

— 

— 

1198. 

1537. 

0.269 

3UU. 

-4114989. 

-3781136. 

658.354 

-35083. 

-13806. 

2.404 

350. 

-4118231. 

-3725227. 

555.959 

-38613. 

-9977. 

1.489 

400. 

-4120796. 

-3668901. 

479.109 

-121403. 

143. 

-0.019 

450. 

-4122822. 

-3612288. 

419.303 

-120385. 

15277. 

-1.773 

500. 

-4124421. 

-3555473. 

371.437 

-119259. 

30291. 

-3.164 

(2  sigma) 

— 

— 

— 

1234. 

2011. 

0.210 

550. 

-4125682. 

-3498514. 

332.261 

-118067. 

45189. 

-4.292 

600. 

-4126680. 

-3441453. 

299.605 

-116847. 

59976. 

-5.221 

650. 

-4127474. 

-3384318. 

271.967 

-115627. 

74662. 

-6.000 

700. 

-4128118. 

-3327127. 

248.273 

-114431. 

89  2 54. 

-6.660 

750. 

-4128655. 

-3269894. 

227.735 

-113280. 

103763. 

-7.227 

(2  sigma) 

... 

~ 

— 

1545. 

2728. 

0.190 

800. 

-4129125. 

-3212627. 

209.763 

-112191. 

118197. 

-7.717 

850. 

-4129551. 

-3155333. 

193.903 

-112603. 

132575. 

-8.147 

900. 

-4129993. 

-3098013. 

179.804 

-110833. 

146946. 

-8.529 

950. 

-4108988. 

-3084974. 

169.624 

-109032. 

161218. 

-8.864 

1000. 

-4106575. 

-3031140. 

158.330 

-107214. 

175395. 

-9.162 

(2  sigma) 

--- 

— 

— 

2162. 

3563. 

0.186 

1050. 

-4104093. 

-2977429. 

148.119 

-105395. 

189481. 

-9.426 

1100. 

-4101556. 

-2923838. 

138.841 

-103584. 

203480. 

-9.662 

1150. 

-4098975. 

-2870363. 

130.376 

-101794. 

217397. 

-9.874 

1200. 

-4096361. 

-2817001. 

122.621 

-100034. 

231237. 

-10.065 

1250. 

-4093 722. 

-2763749. 

115.491 

-98312. 

245005. 

-10.238 

(2  siyma) 

— 

— 

— 

3296. 

4517. 

0.139 
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Table  38.  Thermophysical  values  for  pyrophyl  1 ite,  AKSi  .0,Q(0H)2,  at 

1.01325  bars  (1  atm).  The  tabulations  areSaledon  a^fit  of 
the  thermophysical  and  thermochemical  data  given  in  Section 
1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

3V 

cm  /mol 

200. 

208.741 

138.995 

-24944. 

-263.715 

127.5844 

2 50. 

250.332 

190.835 

-13284. 

-243.970 

127.6066 

[2  sigma) 

0.355 

1.023 

15. 

1.022 

0.2819 

273.150 

275.484 

214.385 

-7124. 

-240.467 

127.6204 

298. 150 

294.131 

239.330 

0. 

-239.330 

127.6374 

(2  sigma) 

0.3O4 

1.022 

0. 

1.022 

0.1460 

300. 

295.431 

241.154 

545. 

-239.336 

127.6387 

350. 

326.835 

289.142 

16131. 

-243.054 

127.6792 

400. 

352.103 

334.494 

33127. 

-251.677 

127.7263 

450. 

372.607 

377.190 

51262. 

-263.275 

127.7803 

500. 

389.424 

417.347 

70326. 

-276.695 

127.8389 

(2  sigma) 

1.036 

1.053 

109. 

1.023 

0.1633 

550. 

403.375 

455.138 

90157. 

-291.216 

127.9018 

600. 

415.089 

490.752 

110626. 

-306.375 

127.9683 

650. 

425.051 

524.381 

131636. 

-321.863 

123.0379 

700. 

433.642 

556.202 

153109. 

-337.476 

128.1101 

750. 

441.160 

586.382 

174983. 

-353.072 

128.1845 

(2  sigma) 

3.253 

1.383 

56  9. 

1.040 

0.5781 

800. 

447.846 

615.072 

197211. 

-368.558 

128.2608 

850. 

453.895 

642.406 

219757. 

-383  . 869 

128.3386 

900. 

459.466 

668.510 

242592. 

-398.963 

128.41 78 

950. 

464.692 

693.493 

265698. 

-413.812 

128.4981 

1000. 

469.681 

717.456 

289053. 

-428.399 

128.5794 

(2  sigma) 

4.928 

2.252 

1549. 

1.132 

1.5153 

1050. 

474.528 

740.490 

312663. 

-442.715 

128.6614 

1100. 

479.310 

762.675 

336509. 

-456.758 

128.7442 

1150. 

484.095 

784.087 

360594. 

-470.527 

128.8275 

1200. 

488.940 

804.792 

384920. 

-484.026 

128.9114 

1250. 

493.895 

824.852 

40  9490. 

-497.259 

128.9956 

[2  sigma) 

6.925 

3.199 

2763. 

1.346 

2.6320 

154 


Table  39.  Thermochemical  properties  of  pyrophyl  1 ite , AKSi 
1.01325  bars  (1  atm;.  Columns  2 through  4 give 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


^0(0h)2»  at 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-5635721. 

-5390571. 

1407.872 

-33500. 

-27770. 

7.253 

250. 

-5639805. 

-5328777. 

1113.386 

-360  4 9. 

-26033. 

5.439 

(2  sigma) 

— 

— 

— 

983. 

831. 

0.174 

273.150 

-5641174. 

-5299912. 

1013.505 

-37075. 

-25059. 

4.792 

298.150 

-5642319. 

-5268625. 

923.041 

-38094. 

-23913. 

4.189 

(2  sigma) 

— 

— 

— 

983. 

807. 

0.141 

300. 

-5642391. 

-5266306. 

916.945 

-38166. 

-23325. 

4.148 

350. 

-5643738. 

-5203504. 

776.580 

-39990. 

-21287. 

3.177 

400. 

-5644099. 

-5140578. 

671.290 

-31384. 

-15600. 

2.037 

450. 

-5643689. 

-5077655. 

589.398 

-30859. 

-7408. 

0.860 

500. 

-5642678. 

-5014812. 

523.893 

-80309. 

723. 

-0.076 

(2  sigma) 

... 

... 

... 

998. 

735. 

0.077 

550. 

-5641202. 

-4952094. 

470.310 

-79792. 

3801. 

-0.836 

600. 

-5639370. 

-4889526. 

425.671 

-79355. 

16835. 

-1.466 

650. 

-5637267. 

-4827122. 

387.912 

-79035. 

24837. 

-1.996 

700. 

-5634960. 

-4764889. 

355.560 

-78857. 

32819. 

-2.449 

750. 

-5632502. 

-4702826. 

327.534 

-78841. 

40795. 

-2.841 

(2  sigma) 

— 

— 

— 

1167. 

724. 

0.050 

8UO. 

-5629937. 

-4640931. 

303.021 

-78999. 

48775. 

-3.185 

850. 

-5627297. 

-4579199. 

281.403 

-32188. 

56791. 

-3.490 

9UO. 

-5624608. 

-4517623. 

262.196 

-81019. 

64933. 

-3.769 

950. 

-5643146. 

-4455551. 

244.983 

-79770. 

73007. 

-4.014 

1000. 

-5640138. 

-4393123. 

229.473 

-78449. 

81014. 

-4.232 

(2  sigma) 

— 

— 

— 

1869. 

903. 

0.047 

1050. 

-5637004. 

-4330849. 

215.448 

-77059. 

38954. 

-4.425 

1100. 

-5633743. 

-4268727. 

202.705 

-75601. 

96325. 

-4.598 

1150. 

-5630350. 

-4206756. 

191.077 

-74071. 

104629. 

-4.752 

1200. 

-5626817. 

-4144936. 

180.424 

-72463. 

112364. 

-4.891 

1250. 

-5623134. 

-4083266. 

170.630 

-70771. 

120031. 

-5.016 

(2  sigma) 

— * 

— 

— 

2960. 

1403. 

0.059 
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TdDle  40 


Thermophysical  values  for  the  elemental  phase  graphite  (C)  at 
1.01325  bars  (1  atm).  The  sources  of  data  are  given  in  Section 

1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

3V 

cm  /mol 

200.000 

6.646 

2.372 

-710. 

-6.420 

250.000 

7.087 

4.366 

-374. 

-5.863 

— 

(2  sigma) 

— 

— 

— 

— 

— 

273.150 

7.728 

5.021 

-203. 

-5.764 

— 

298.150 

8.532 

5.732 

0. 

-5.732 

— 

(2  sigma) 

— 

— 

— 

— 

— 

300.000 

8.594 

5.785 

16. 

-5.732 

— 

350.000 

10.296 

7.237 

488. 

-5.843 

— 

400.000 

11.923 

8.720 

1044. 

-6.109 

— 

450.000 

13.397 

10.211 

1678. 

-6.482 

— 

500.000 

14. 704 

11.691 

2381. 

-6.929 

— 

(2  sigma) 

— 

— 

— 

— 

— 

550.000 

15.855 

13.148 

3146. 

-7.429 

— 

600. U00 

- 16.865 

14.572 

3964. 

-7.965 

— 

650.000 

17.750 

15.957 

4830. 

-8.527 

— 

700. UUO 

18.528 

17.302 

5737. 

-9. 1U6 

— 

750.000 

19.212 

18.604 

6681. 

-9.696 

— 

(2  sigma) 

— 

— 

— 

— 

— 

800.000 

19.814 

19.803 

7657. 

-10.292 

— 

850.000 

20.346 

21.081 

8661. 

-10.891 

- — 

900.000 

20.817 

22.257 

9691. 

-11.490 

— 

950.000 

21.234 

23.394 

10742. 

-12.087 

— 

1000.000 

21.604 

24.493 

11813. 

-12.680 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1050.000 

21.933 

25.555 

12902. 

-13.268 

— 

1100.000 

22.226 

26.583 

14006. 

-13.850 

— 

1150.000 

22.488 

27.576 

15124. 

-14.425 

— 

1200.000 

22.721 

28.538 

16254. 

-14.993 

— 

1250.000 

22.931 

29.470 

17396. 

-15.554 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1300.000 

23.119 

30.373 

18547. 

-16.106 

— 

1350.000 

23.288 

31.249 

19707. 

-16.651 

— 

1400.000 

23.441 

32.099 

20876. 

-17.188 

— 

1450.000 

23.579 

32.924 

22051. 

-17.716 

— 

1500.000 

23.704 

33.725 

23233. 

-18.237 

— 

(2  sigma) 

... 

— 

— 

— 

— 

1550.000 

23.819 

34.505 

24421. 

-18.749 

— 

1600.000 

23.924 

35.262 

25615. 

-19.253 

— 

1650.000 

24.021 

36.000 

26814. 

-19.749 

— 

1700.000 

24.111 

36.719 

28017. 

-20.238 

— 

1750.000 

24.195 

37.419 

29225. 

-20.719 

— 

(2  sigma) 

— 

— 

— 

— 

— 

laoO.OOO 

24.275 

38.101 

30436. 

-21.192 

— 

[Z  sigma) 

““ “ 
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Table  41.  Thermochemical  properties  of  the  elemental  phase  graphite  (C) 
at  1.01325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


T 

K 

Formation  from  the  1 

H G 

J/mol  J/mol 

:1 ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

200. 

0. 

0. 

0. 

... 

250. 

0. 

0. 

0. 

— 

— 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

273.15 

0. 

0. 

0. 

— 

— 

... 

29d. 15 

0. 

0. 

0. 

— 

... 

— 

(2  sigma) 

0. 

0. 

0. 

— 

. — 

— 

300. 

0. 

0. 

0. 

— 

— 

— 

350. 

0. 

0. 

0. 



— 

— 

400. 

0. 

0. 

0. 

— 

... 

... 

450. 

0. 

0. 

0. 

— 

... 

— 

500. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

550. 

0. 

0. 

0. 

— 

... 

— 

600. 

0. 

0. 

0. 

— 

... 

— 

650. 

0. 

0. 

0. 

— 

— 

... 

700. 

0. 

0. 

0. 

— 

— - 

... 

750. 

0. 

0. 

0. 

— 

... 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

300. 

0. 

0. 

0. 

— 

... 

... 

350. 

0. 

0. 

0. 

... 

— 

— 

900. 

0. 

0. 

0. 

— 

— 

950. 

0. 

0. 

0. 

— 

... 

— 

1000. 

0. 

0. 

0. 

— 

— 

— - 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1050. 

0. 

0. 

0. 



— 

— 

1100. 

0. 

0. 

0. 

... 

— 

1150. 

0. 

0. 

0. 

— 

— 

... 

1200. 

0. 

0. 

0. 

... 

— 

... 

1250. 

0. 

0. 

0. 

— 

... 

— . 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1300. 

0. 

0. 

0. 

— 

— 

— 

1350. 

0. 

0. 

0. 

. — 

— 

— 

1400. 

0. 

0. 

0. 

— 

— 

— 

145u. 

0. 

0. 

0. 

— 

... 

... 

1600. 

0. 

0. 

0. 

— 

— 

12  sigma) 

0. 

0. 

0. 

— 

— 

— 

15d0. 

0. 

0. 

0. 

— 

. — 

— 

IoOQ. 

0. 

0. 

0. 

— 

— . 

. — 

1650. 

0. 

0. 

0. 

... 

... 

1700. 

0. 

0. 

0. 

— 

... 

. — 

1750. 

0. 

0. 

0. 

... 

... 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1800. 

0. 

0. 

0. 

— 

... 

. — 

(2  sigma) 

0. 

0. 

0. 

— 

— 
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Table  42.  Thermophysical  values  for  carbon  monoxide  (CO,  ideal  gas)  at 
1.01325  bars  (1  atm).  The  tabulations  are  based  on  a fit  of 
the  thermophysical  and  thermochemical  data  given  in  Section 
1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298 ) 
J/mol 

[G-H (298)]/T 
J/(mol  K) 

cm^/mol 

2U0.UU0 

29.751 

185.853 

-2872. 

-200.211 

250. QUO 

29.181 

192.417 

-1401. 

-198.022 

— 

(2  sigma) 

— 

— 

— 

— 

— 

273.150 

29.093 

194.997 

-727. 

-197.658 

— 

298.150 

29.069 

197.544 

0. 

-197.544 

— 

(2  sigma) 

— 

— 

— 

— 

— 

300. UOU 

29.070 

197.723 

54. 

-197.544 

— 

350.000 

29.171 

202.210 

1509. 

-197.898 

— 

400.000 

29.378 

206.118 

2973. 

-198.687 

— 

450.000 

29.644 

209.593 

4448. 

-199.709 

— 

500.000 

29.941 

212.732 

5937. 

-200.857 

— 

(2  sigma) 

— 

— 

— 

— 

— 

550.000 

30.254 

215.600 

7442. 

-202.069 

— 

600.000 

30.575 

218.246 

8963. 

-203.308 

— 

650.000 

30.899 

220.706 

10500. 

-204.553 

— 

700.000 

31.221 

223.008 

12053. 

-205.790 

— 

750.000 

31.538 

225.173 

13622. 

-207.010 

— 

(2  sigma) 

— 

— 

— 

— 

— 

800.000 

31.850 

227.218 

15207. 

-208.210 

— 

850.000 

32.155 

229.158 

16807. 

-209.386 

— 

900.000 

32.452 

231.005 

18422. 

-210.536 

— 

950.000 

32.740 

232.767 

20052. 

-211.660 

— 

1000.000 

33.019 

234.453 

21696. 

-212.758 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1050.000 

33.288 

236.071 

23354. 

-213.330 

— 

1100.000 

33.548 

237.626 

25024. 

-214.876 

— 

1150.000 

33.797 

239.122 

26708. 

-215.898 

— 

1200. 000 

34.037 

240.566 

28404. 

-216.896 

— 

1250. UOU 

34.265 

241.960 

30112. 

-217.871 

— 

(2  sigma) 

— 

— 

— 

— 

— 

13UU.UUU 

34. 4tS3 

243.308 

31830. 

-218.823 

— 

1350. U00 

34.691 

244.614 

33560. 

-219.754 

— 

1400. OUU 

34.887 

245.879 

35299. 

-220.665 

— 

1450. U00 

35.073 

247.106 

37048. 

-221.556 

— 

1500. QUO 

35.248 

248.298 

38806. 

-222.427 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1550.000 

35.412 

249.457 

40573. 

-223.281 

— 

1600.000 

35.564 

250.583 

42347. 

-224.116 

— 

1650.000 

35.706 

251.630 

44129. 

-224.935 

— 

1700.000 

35.337 

252.748 

45918. 

-225.  738 

— 

1750.000 

35.957 

253.789 

47713. 

-226.524 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1300.000 

36.065 

254.803 

49513. 

-227.296 

- — 

(2  sigma) 

— - 

— 

— * 

— 
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Table  43.  Thermochemical  properties  of  carbon  monoxide  (CO,  ideal  gas)  at 
1.01325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

tl ements 

Formation 

from  the 

Oxides 

T 

H 

ti 

log  1C 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200.000 

-111296. 

-128552. 

33.574 

0. 

0. 

0. 

250.000 

-110888. 

-132915. 

27.771 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

273.150 

-110722. 

-134962. 

25.309 

0. 

0. 

0. 

298.150 

-110564. 

-137188. 

24.035 

0. 

0. 

0. 

(2  sigma) 

— 

.... 

— 

0. 

0. 

0. 

300.000 

-110553. 

-137353. 

23.915 

0. 

0. 

0. 

350.000 

-110310. 

-141840. 

21.168 

0. 

0. 

0. 

400.000 

-110155. 

-146356. 

19.112 

0. 

0. 

0. 

450.000 

-110077. 

-150886. 

17.514 

0. 

0. 

0. 

500.000 

-110067. 

-155422. 

16.237 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

550.000 

-110114. 

-159955. 

15.191 

0. 

0. 

0. 

600.000 

-110211. 

-164482. 

14.319 

0. 

0. 

0. 

650.000 

-110348. 

-169000. 

13.581 

0. 

0. 

0. 

700.000 

-110521. 

-173505. 

12.947 

0. 

0. 

0. 

750.000 

-110723. 

-177997. 

12.397 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

8UO.OOO 

-110951. 

-182475. 

11.914 

0. 

0. 

0. 

850. UOO 

-111199. 

-186938. 

11.488 

0. 

0. 

0. 

900. QUU 

-111465. 

-191385. 

11.108 

0. 

0. 

0. 

95u.UUO 

-111745. 

-195818. 

10.767 

0. 

0. 

0. 

1000.000 

-112038. 

-200235. 

10.459 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1050.000 

-112340. 

-204637. 

10.180 

0. 

0. 

0. 

1100.000 

-112651. 

-209025. 

9.926 

0. 

0. 

0. 

1150.000 

-112963. 

-213399. 

9.693 

0. 

0. 

0. 

1200.000 

-113290. 

-217759. 

9.479 

0. 

0. 

0. 

1250.000 

-113617. 

-222105. 

9.281 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1300.000 

-113946. 

-226438. 

9.098 

0. 

0. 

0. 

1350.000 

-114278. 

-230758. 

8.929 

0. 

0. 

0. 

1400.000 

-114611. 

-235066. 

3.770 

0. 

0. 

0. 

1450.000 

-114946. 

-239362. 

8.623 

0. 

0. 

0. 

1500.000 

-115281. 

-243647. 

8.485 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1550.000 

-115616. 

-247920. 

8.355 

0. 

0. 

0. 

1600.000 

-115951. 

-252182. 

3.233 

0. 

0. 

0. 

1650.000 

-116286. 

-256435. 

3.118 

0. 

0. 

0. 

1700.000 

-116620. 

-260676. 

8.010 

0. 

0. 

0. 

1750.000 

-116955. 

-264909. 

7.907 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1800.000 

-117288. 

-269131. 

7.810 

0. 

0. 

0. 

(2  sigma) 

— 

0. 

0. 

0. 
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TdDle  44.  Thermophysical  values  for  caroon  dioxide  (C02,  ideal  gas)  at 
1. 013^1b  Dars  (1  atm).  The  taDulations  are  Dased  on  a fit  of 
the  thermopnysical  ana  thennochemical  data  given  in  Section 

1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

[G-H(298)]/T 
J/(mol  K) 

3V 

cm  /mol 

200.000 

33.619 

199.689 

-3452. 

-216.950 

250.000 

35.115 

207.329 

-1739. 

-214.284 

— 

(2  sigma) 

— 

— 

— 

— 

— 

273.150 

36.066 

210.480 

-915. 

-213.830 

— 

298.150 

37.138 

213.685 

0. 

-213.685 

— 

(2  sigma) 

— 

— 

— 

— 

— 

300.000 

37.218 

213.915 

69. 

-213.685 

— 

350.000 

39.334 

219.812 

1983. 

-214.146 

— 

400.000 

41.298 

225.195 

4000. 

-215.196 

— 

450.000 

43.075 

230.163 

6110. 

-216.586 

— 

500.000 

44.670 

234.786 

8304. 

-218.178 

— 

(2  sigma) 

— 

— 

— 

— 

— 

550.000 

46.100 

239.111 

10574. 

-219.886 

— 

600.000 

47.386 

243.179 

12912. 

-221.659 

— 

650.000 

48.545 

247.018 

15310. 

-223.464 

— 

70O. U00 

49.595 

250.655 

17764. 

-225.277 

— 

750. UUU 

0U.548 

254.110 

20268. 

-227.085 

— 

U sigma; 

— 

— 

— 

— 

— 

8UO. uoo 

51.417 

257.40U 

22818. 

-228.878 

— 

850.000 

52.211 

260.541 

25409. 

-230.649 

— 

900. OUO 

52.940 

263.547 

28038. 

-232.394 

— 

950. 000 

53.610 

266.427 

30702. 

-234.110 

— 

1000.000 

54.228 

269.193 

33398. 

-235.795 

- — 

(2  sigma) 

— 

— 

— 

— 

— 

1050.000 

54.798 

271.853 

36124. 

-237.449 

— 

1100.000 

55.326 

274.414 

33877. 

-239.071 

— 

1150.000 

55.816 

276.884 

41656. 

-240.662 

— 

1200.000 

56.270 

279.270 

44458. 

-242.221 

— 

1250.000 

56.692 

281.575 

47282. 

-243.750 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1300.000 

57.085 

283.807 

50127. 

-245.248 

— 

1350.000 

57.450 

285.968 

52990. 

-246.716 

— 

1400.000 

57.791 

288.064 

55871. 

-248.155 

— 

1450.000 

58.108 

290.097 

58769. 

-249.567 

— 

1500.000 

58.403 

292.072 

61682. 

-250.951 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1550.000 

53.578 

293.992 

64609. 

-252.309 

— 

1600.000 

53.934 

295.859 

67549. 

-253.640 

— 

1650.000 

59.173 

297.676 

70502. 

-254.947 

— 

1700.000 

59.394 

299.446 

73466. 

-256.230 

— 

1750.000 

59.600 

301.170 

76441. 

-257.490 

— 

(2  sigma) 

— 

— 

— 

— 

— 

laoo.uoo 

59.791 

302.852 

79426. 

-253.727 

— 

(2  siyina) 

— 

— * 
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Table  45.  Thermochemical  properties  of  carbon  dioxide  (CCL,  ideal  gas)  at 
1.01325  bars  (1  atm).  Columns  2 through  4 give^the 
thenr.ochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation 

from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200.000 

-393507. 

-394191. 

102.952 

0. 

0. 

0. 

250.000 

-393583. 

-394352. 

82.395 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

273.150 

-393605. 

-394422. 

75.426 

0. 

0. 

0. 

298.150 

-393626. 

-394496. 

69.114 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

300.000 

-393627. 

-394502. 

63.689 

0. 

0. 

0. 

350.000 

-393605. 

-394644. 

58.897 

0. 

0. 

0. 

400.000 

-393709. 

-394781. 

61.553 

u. 

0. 

0. 

450.000 

-393760. 

-394912. 

45.840 

0. 

0. 

0. 

500.000 

-393821. 

-395037. 

41.269 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

550.000 

-393891. 

-395156. 

37.529 

0. 

0. 

0. 

600. 0U0 

-293969. 

-395267. 

34.411 

0. 

0. 

0. 

650.000 

-394053. 

-395372. 

31.772 

0. 

0. 

0. 

700.000 

-394143. 

-395470. 

29.510 

0. 

0. 

0. 

750.000 

-394238. 

-395562. 

27.549 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

800.000 

-394337. 

-395647. 

25.833 

0. 

0. 

0. 

850.000 

-394438. 

-395725. 

24.318 

0. 

0. 

0. 

900.000 

-394542. 

-395798. 

22.972 

0. 

0. 

0. 

950.000 

-394647. 

-395865. 

21.766 

0. 

0. 

0. 

1000.000 

-394753. 

-395927. 

20.681 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1050.000 

-394859. 

-395983. 

19.699 

0. 

0. 

0. 

1100.000 

-394965. 

-396034. 

18.806 

0. 

0. 

0. 

1150.000 

-395070. 

-396080. 

17.991 

0. 

0. 

0. 

1200.000 

-395173. 

-396122. 

17.243 

0. 

0. 

0. 

1250.000 

-395276. 

-396159. 

16.555 

0. 

0. 

0. 

(2  sigma) 

— 

- — 

— 

0. 

0. 

0. 

1300.000 

-395377. 

-396192. 

15.919 

0. 

0. 

0. 

1350.000 

-395475. 

-396222. 

15.331 

0. 

0. 

0. 

1400.000 

-395571. 

-396248. 

14.784 

0. 

0. 

0. 

1450.000 

-395665. 

-39627U. 

14.275 

0. 

0. 

0. 

1500. UOO 

-395756. 

-396290. 

13.800 

0. 

0. 

0. 

12  sigma) 

— 

— 

— 

0. 

0. 

0. 

1550.000 

-395845. 

-396306. 

13.355 

0. 

0. 

0. 

1 DUO. UOO 

-395930. 

-396319. 

12.938 

0. 

0. 

0. 

1650. 0OO 

-396012. 

-396330. 

12.547 

0. 

0. 

u. 

1700. UOO 

-396091. 

-396339. 

12.178 

0. 

0. 

0. 

1750.000 

-396166. 

-396345. 

11.830 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1800.000 

-396238. 

-396349. 

11.502 

0. 

0. 

0. 

(2  sigma) 

— * 

0. 

0. 

0. 
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Table  46 


Thermophysical  values  for  stable  phases  of  the  element  calcium 
(Ca)  at  1.01325  bars  (1  atm).  The  sources  of  data  are  given  in 
Section  1.5.5. 


T 

Cp 

S 

H-H  (298 ) 

[G-H(298)]/T 

3V 

K 

J/(mol  K) 

J/(mol  K) 

J/mol 

J/(mol  K) 

cm  /mol 

calcium  (crystal,  face  centered  cubic) 


200. 

24.567 ' 

31 . 642 

-2454. 

-43.913 

... 

250. 

25.033 

37.181 

-1213. 

-42.032 

... 

(2  sigma) 

— 

— 

— 

— 

— 

273.15 

25.180 

39.404 

-631. 

-41.716 

— 

29b. 15 

25.341 

41.616 

0. 

-41.616 

— 

(2  sigma) 

— 

— 

— 

— 

— 

30u. 

25.354 

41.773 

47. 

-41.617 

— 

350. 

25.743 

45.709 

1324. 

-41.927 



4U0. 

26.255 

49.178 

2623. 

-42.620 

... 

450. 

26.900 

52.307 

3952. 

-43.525 

— - 

500. 

27.671 

55.180 

5315. 

-44.549 

— 

(2  sigma) 

— 

— 

— 

— 

— 

550. 

28.560 

57.858 

6721. 

-45.639 

— 

600. 

. 29.558 

60.385 

8173. 

-46.763 

— - 

650. 

30.657 

62.794 

96  78. 

-47.904 

— 

700. 

31.849 

65.109 

11240. 

-49.051 

720. 

32.351 

66.013 

11882. 

-49.510 

— 

calcium  (crystal,  body  centered  cubic) 

720. 

29.341 

67.289 

12801. 

-49.510 

— 

750. 

30.581 

68.512 

13700. 

-50.245 

— 

(2  sigma) 

— 

— 

— 

— 

— 

800. 

32.647 

70.552 

15281. 

-51.451 

... 

850. 

34.712 

72.593 

16965. 

-52.634 

... 

900. 

36.776 

74.635 

18752. 

-53.800 

— 

950. 

38.840 

76.679 

20642. 

-54.950 

— 

1000. 

40.903 

78.724 

22636. 

-56.088 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1050. 

42.966 

80.769 

24733. 

-57.214 

— 

1100. 

45.029 

82.816 

26933. 

-58.331 

— 

1112. 

45.524 

83.307 

27476. 

-ob.598 

— 

calcium  (liquid) 

1112. 

29.275 

90  . 968 

35995. 

-58.598 

— 

1150. 

29.275 

91.952 

37108. 

-59.684 

— 

1200. 

29.275 

93.198 

38571. 

-61.055 

... 

1250. 

29.275 

94.393 

40035. 

-o2.365 

... 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

29.275 

95.541 

41499. 

-63.619 

— 

1350. 

29.275 

96.646 

42963. 

-64.822 

— 

1400. 

29.275 

97.711 

44427. 

-65.977 

— 

1450. 

29.275 

98.738 

45890. 

-67.089 

— 

1500. 

29.275 

99.730 

47354. 

-68.161 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1550. 

29.275 

100.690 

48818. 

-69.195 

— 

1600. 

29.275 

101.620 

50282. 

-70.194 

- — 

1650. 

29.275 

102.521 

51745. 

-71.160 

— 

1700. 

29.275 

103.395 

53209. 

-72.095 

— 

1750. 

29.275 

104.243 

54673. 

-73.002 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1755. 

29.275 

104.327 

54819. 

-73.091 

— 

calcium  (ideal  monatomic  gas) 

1755. 

20.351' 

191.628 

208032. 

-73.091 

— 

1800. 

20.362 

192.156 

208971. 

-75.061 

— 

(2  sigma) 

— 

... 

— - 

— 

... 
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Table  47.  Thermochemical  properties  of  stable  phases  of  the  element 

calcium  (Ca)  at  i..U132b  bars  (1  atm).  Columns  2 through  4 give 
the  thermochemical  values  relative  to  the  elements;  columns  3 


through  7 

give  the 

values  relative  to  the 

oxides. 

Formation  from  the  Elements  Formation  from 

the  Oxides 

T 

H 

G 

log  K H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

calcium  (crystal 

, face  centered  cubic) 

200. 

0. 

0. 

0. 

— 

— 

250. 

0. 

0. 

0. 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

273.15 

0. 

0. 

0.  — 

— 

— - 

298.15 

0. 

0. 

0.  — 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

300. 

0. 

0. 

0. 

— 

— 

350. 

0. 

0. 

0. 

— 

— 

400. 

0. 

0. 

0. 

— 

450. 

0. 

0. 

0.  — 

— 

— 

500. 

0. 

0. 

0. 

— 

— 

(2  sigma) 

0. 

0. 

0.  — 

— 

— 

550. 

0. 

0. 

0.  — 

— 

— 

bUO. 

0. 

0. 

0.  — 

— - 

— 

650. 

0. 

O. 

0.  

- — 

— 

7UU. 

0. 

0. 

0.  

— 

— 

720. 

0. 

0. 

0.  

— 

— 

calcium  (crystal 

, body  centered  cubic) 

72U. 

0. 

0. 

0. 

— 

— 

7bu. 

0. 

0. 

0.  — 

— 

— 

(2  sigma) 

0. 

0. 

0.  — 

— 

— 

800. 

0. 

0. 

0.  — 

— 

— 

350. 

0. 

0. 

0. 

— 

— 

900. 

0. 

0. 

0.  — 

— 

950. 

0. 

0. 

0.  — 

— 

— 

1000. 

0. 

0. 

0. 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

1050. 

0. 

0. 

0.  — 

— 

— 

1100. 

0. 

0. 

0.  — 

— 

— 

1112. 

0. 

0. 

0.  — 

— 

— 

calciun  (liquid) 

1112. 

0. 

0. 

0. 

— 

— 

1150. 

0. 

0. 

0. 

— 

— 

1200. 

0. 

0. 

0. 

— 

— 

1250. 

0. 

0. 

0. 

— 

— 

(2  sigma) 

0. 

0. 

0.  — 

— 

— 

1300. 

0. 

0. 

0. 

— 

— 

1350. 

0. 

0. 

0.  — 

— 

— 

1400. 

0. 

0. 

0.  

— 

— 

145o. 

0. 

0. 

0.  — 

— 

— 

1500. 

0. 

0. 

0. 

— 

— 

(2  sigma] 

0. 

0. 

u.  

— 

— 

lboO. 

0. 

0. 

0. 

— 



loOO. 

0. 

0. 

0. 

- — 

— 

1650. 

0. 

0. 

0. 

— 

— 

1700. 

0. 

0. 

0. 

— 

- — 

1750. 

0. 

0. 

0. 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

1755. 

0. 

0. 

0. 

— 

— 

calcium  (ideal  diatomic  gas) 

1755. 

0. 

0. 

0. 

— 

— 

1800. 

0. 

0. 

0. 

- — 

— 

(2  sigma) 

0. 

0. 

0. 

— 
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Table  48.  Thermophysical  values  for  Ca-Al  cl i nopyroxene,  CaAl^SiOg,  at 
1.01325  bars  (1  atm).  The  tabulations  are  based  on^a  fit  of 
the  thermophysical  and  thermochemical  data  given  in  Section 
1.5.5. 


T Cp  S H-H (298)  [G-H(298)]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

99.917 

250. 

140.960 

(2  sigma) 

6.530 

273.150 

154.072 

298.150 

165.638 

(2  siyina) 

2.880 

300. 

106.408 

350. 

183.831 

400. 

196.596 

450. 

206.414 

500. 

214.247 

(2  sigma) 

2.171 

550. 

220.673 

600. 

226.063 

650. 

230.668 

700. 

234.659 

750. 

238.162 

(2  signa) 

1.777 

800. 

241.268 

850. 

244.047 

900. 

246.553 

950. 

248.828 

1000. 

250.906 

(2  sigma) 

2.732 

1050. 

252.314 

1100. 

254.573 

1150. 

256.203 

1200. 

257.718 

1250. 

259.131 

(2  sigma) 

4.066 

1300. 

260.454 

1350. 

261.696 

1400. 

262.865 

1480. 

263.967 

1500. 

265.009 

(2  sigma) 

5.196 

155u. 

265.996 

loOO. 

266.933 

1650. 

267.825 

1700. 

268.673 

1750. 

269.483 

(2  sigma) 

5.149 

1300. 

270.257 

(2  sigma) 

6.321 

88.557 

-13535 

115.672 

-7421 

4.185 

• 210 

128.747 

-4001 

142.756 

0 

4.102 

u, 

143.783 

307 

170.819 

9088 

196.240 

18613 

219.986 

28699 

242.153 

39222 

3.913 

381 

262.884 

50100 

282.323 

61272 

300.604 

72693 

317.848 

84329 

334.159 

96151 

3.784 

763. 

349.631 

108138 

364.343 

120272 

378.364 

132538 

391.757 

144924, 

404.573 

157418, 

3.678 

1051 

416.862 

170012 

428.664 

182697, 

440.017 

195467 

450.953 

208315 

461.502 

221237 

3.675 

1592, 

471.692 

234227 

481.545 

247281, 

491.084 

260395, 

500.327 

273566 

509.294 

286791 

3.849 

2536 

518.000 

30C066 

526.460 

313390 

534.687 

326759 

542.695 

340171, 

550.495 

353625, 

4.201 

3821 

558.098 

367119, 

4.290 

4112, 

-156.232 

63.4567 

-145.357 

63.5153 

4.100 

0.0948 

-143.395 

63.5443 

-142.756 

63.5770 

4.102 

0.0725 

-142.759 

63.5794 

-144.854 

63.6483 

-149.706 

63.7212 

-156.211 

63.7974 

-163.709 

63.3765 

4.050 

0.0431 

-171.793 

63.9581 

-180.203 

64.0417 

-188.768 

64.1270 

-197.378 

64.2138 

-205.958 

64.3018 

3.946 

0.0461 

-214.458 

64.3909 

-222.846 

64.4808 

-231.099 

64.5716 

-239.205 

64.6629 

-247.156 

54.  7548 

3.858 

0.0379 

-254.946 

64.8472 

-262.576 

64.9399 

-270.046 

65.0330 

-277.357 

65.1264 

-284.513 

65.2200 

3.786 

0.0404 

-291.517 

65.3138 

-298.374 

65.4077 

-305.087 

65.5018 

-311.661 

65.5960 

-318.100 

65.6904 

3.731 

0.0652 

-324.409 

65.7848 

-330.591 

65.8792 

-336. 552 

65.9738 

-342.595 

66.0684 

-348.424 

66.1630 

3.700 

0.0997 

-354.143 

66.2577 

3.698 

0.1071 
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Table  49.  Thermochemical  properties  of  Ca-Al  cl i nopyroxene,  CaAl-SiQg,  at 
1.U1325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-3294801. 

-3180161. 

830.572 

-76525. 

-79495. 

20.762 

250. 

-3297395. 

-3151165. 

658.399 

-77018. 

-80168. 

16.750 

(2  sigma) 



— 

— 

5449. 

4502. 

0.941 

273.150 

-3298105. 

-3137591. 

600.003 

-77095. 

-80456. 

15.386 

298.150 

-3298625. 

-3122875. 

547.114 

-77123. 

-30762. 

14.149 

(2  sigma) 

— 

— 

— 

5447. 

4324. 

0.753 

300. 

-3298655. 

-3121784. 

543.551 

-77123. 

-80785. 

14.066 

350. 

-3299095. 

-3092262. 

461.495 

-77086. 

-81397. 

12.148 

400, 

-3299000. 

-3062716. 

399.949 

-77009. 

-32018. 

10.710 

45U. 

-3298543. 

-3033205. 

352.085 

-76942. 

-82648. 

9.594 

5U0. 

-3297841. 

-3003758. 

313.800 

-76906. 

-83284. 

8.701 

(2  sigma) 

— 

— 

— 

5418. 

3601. 

0.376 

55u. 

-3296977. 

-2974391. 

282.484 

-76912.  . 

-83922. 

7.970 

bUO. 

-3296012. 

-2945107. 

256.394 

-76965. 

-84558. 

7.361 

bbu. 

-3294996. 

-2915906. 

234.325 

-77067. 

-85186. 

6.846 

7UU. 

-3293909. 

-2886783. 

215.414 

-77218. 

-85806. 

6.403 

75o. 

-3293797. 

-2857698. 

199.028 

-77416. 

-86412. 

6.018 

(2  sigma) 

— 

— 

— 

5377. 

2764. 

0.192 

800. 

-3292730. 

-2828660. 

184.692 

-77663. 

-87004. 

5.681 

850. 

-3291769. 

-2799685. 

172.048 

-78668. 

-87574. 

5.382 

900. 

-3290933. 

-2770764. 

160.811 

-78584. 

-88101. 

5.113 

950. 

-3311497. 

-2741238. 

150.724 

-78479. 

- -38632. 

4.873 

1000. 

-3310685. 

-2711246. 

141.621 

-78357. 

-89170. 

4.658 

(2  sigma) 

— 

— 

— 

5342. 

2021. 

0.106 

1050. 

-3309924. 

-2681292. 

133.387 

-78219. 

-39713. 

4.463 

1100. 

-3309218. 

-2651374. 

125.903 

-78069. 

-90264. 

4.286 

1150. 

-3316443. 

-2621207. 

119.059 

-77908. 

-90822. 

4.125 

1200. 

-3314916. 

-2591012. 

112.784 

-77738. 

-91387. 

3.978 

1250. 

-3313351. 

-2560831. 

107.013 

-77563. 

-91960. 

3.343 

(2  sigma) 

— 

5393. 

1461. 

0.061 

1300. 

-3311751. 

-2530814. 

101.689 

-77384. 

-92539. 

3.718 

1350. 

-3310117. 

-2500809. 

96.762 

-77203. 

-93125. 

3.503 

1400. 

-3308450. 

-2470865. 

92.139 

-77023. 

-93713. 

3.497 

1450. 

-3306753. 

-2440981. 

87.934 

-76847. 

-94318. 

3.398 

1500. 

-3305026. 

-2411156. 

83.964 

-76676. 

-94923. 

3.306 

(2  sigma) 

— 

— 

5669. 

1333. 

0.046 

1550. 

-3303270. 

-2381389. 

80.252 

-76513. 

-95534. 

3.219 

lbUO. 

-3301485. 

-2351679. 

76.774 

-76360. 

-96150. 

3.139 

Io50. 

-3299b72. 

-2322U26. 

73.509 

-76220. 

-96771. 

3.064 

i 7UU. 

-3348341. 

-2291978. 

70.424 

-76096. 

-97395. 

2.993 

1750. 

-3346330. 

-2260938. 

67 . 485 

-75989. 

-98023. 

2.926 

(2  sigma) 

— 

— 

— 

6284. 

1804. 

0. 054 

1800. 

-3497121. 

-2226032. 

64.598 

-75902. 

-98654. 

2.363 

(2  sigma) 

— 

6453. 

1952. 

0.057 
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Table  50. 


Thermophysical 
bars  (1  atm), 
thermophysical 


values  fbr  anorthite,  CaA^Si-Og,  at  1.01325 
The  tabulatibns  are  based  on  a Tit  of  the 
and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H(298)  [G-H(298)]/T 

K J/(mo1  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

250. 

(2  sigma) 

273.150 

298.150 
(2  sigma) 

300. 

350. 

400. 

450. 

500. 

(2  sigma) 
5oO. 
oOO. 
ooO. 

7uU. 

750. 

(2  sigma) 
800. 

350. 

900. 

950. 

1000. 

(2  sigma) 
1050. 
1100. 
1150. 
1200. 
1250. 

(2  sicma) 

1300. 

1350. 

1400. 

1450. 

1500. 

(2  sigma) 
1550. 
1600. 
Io50. 

1 7UU. 
1750. 

(2  sigma) 
laou. 

(2  sigma) 


158.036 

187.683 

0.200 

199.792 
211.605 
0.154 
212.428 
232.271 
248.088 
260.749 
270.967 
0.427 
279.295 
28b. lbto 
291. yl4 
29b. 803 
301. U42 
0.750 
304.301 
308.215 
311.397 
314.440 
317.423 
1.217 
320.409 
323.456 
326.611 
329.914 
333.402 
3.451 
337.105 
341.050 
345.260 
349.757 
354.560 
7.990 

359.684 
365.145 
370.956 
377.128 
383.073 

14.878 
390. 600 
lb.544 


125.573 

164.097 

0.155 

181.255 

199.271 

0.152 

200.582 

234.376 

266.964 

296.943 

324.963 

0.188 

351.193 

375.798 

398.937 

420.754 

441.379 

0.340 

460.930 

479.512 

497.220 

514.139 

530.343 

0.491 

545.902 

560.378 

575.325 

589.295 

602.833 

0.698 

615.980 

628.776 

641.254 

653.448 

665.385 

1.450 

677.094 

688.598 

699.923 

711.087 

722.113 

3.035 

733.018 

3.458 


-18292. 

-9632. 

9. 

-5145. 

0. 

0. 

392. 

11528. 

23552. 

36285. 

49587. 

47. 

63350. 

77492. 

91948. 

106669. 

121617. 

175. 

136765. 

152092. 

167583. 

183229. 

199026. 

339. 

214971. 

231068. 

247319. 

263731. 

280313. 

676. 

297075. 

314028. 

331185. 

348559. 

366165. 

1881. 

384020. 

402139. 

420540. 

439241. 

458259. 

4581. 
477615. 
534  9. 


-217.033 
-202.626 
0.152 
-200.091 
-199.271 
0.152 
-199.275 
-201.938 
-208.083 
-216.310 
-225.790 
0.153 
-23b. Oil 
-246.645 
-257.479 
-268.370 
-279.222 
0.170 
-289.973 
-300.581 
-311.017 
-321.266 
-331.317 
0.212 
-341.168 
-350.816 
-360.265 
-369.519 
-378.582 
0.260 
-387.461 
-396.163 
-404.694 
-413.062 
-421.275 
0.328 
-429.339 
-437.261 
-445.050 
-452.710 
-460.250 
0.517 
-467.076 
0.580 


100.6014 

100.6655 

0.0812 

100.6951 

100.7272 

0.0763 

100.7296 

100.7936 

100.8577 

100.9218 

100.9859 

0.0613 

101.0500 

101.1141 

101.1782 

101.2423 

101.3064 

0.0615 

101.3704 

101.4345 

101.4986 

101.5627 

101.6268 

0.0815 

101.6909 

101.7550 

101.8191 

101.8831 

101.9472 

0.1112 

102.0113 

102.0754 

102.1395 

102.2036 

102.2677 

0.1446 

102.3313 

102.3958 

102.4599 

102.5240 

102.5881 

0.1798 

102.5522 

0.1869 
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Table  51.  Thermochemical  properties  of  anorthite,  CaAI-Si-Og,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  thermochemical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

t 

200. 

-4226995. 

-4078749. 

1065.259 

-98839. 

-104007. 

27.164 

250. 

-4229349. 

-4041394. 

844.402 

-98598. 

-105334. 

22.008 

(2  sigma) 

— 

— 

— 

1167. 

1166. 

0.244 

272.150 

-4230100. 

-4023954. 

769.503 

-98554. 

-105960. 

20.263 

29a. 15o 

-4230697. 

-4005058. 

701.669 

-98525. 

-106639. 

18.683 

(2  sigma; 

— 

— 

— 

1167. 

1165. 

0.204 

300. 

-4230733. 

-4003658. 

697.098 

-98524. 

-106639. 

18.576 

350. 

-4231330. 

-3965755. 

591.856 

-98490. 

-108053. 

16.126 

400. 

-4231326. 

-3927810. 

512.919 

-98480. 

-109420. 

14.289 

450. 

-4230876. 

-3889894. 

451.527 

-98507. 

-110787. 

12.860 

500. 

-4230107. 

-3852046. 

402.420 

-98591. 

-112147. 

11.716 

(2  sigma) 

— 

— 

— 

1168. 

1165. 

0.122 

550. 

-4229118. 

-3814286. 

362.250 

-98753. 

-113496. 

10.779 

600. 

-4227990. 

-3776623. 

328.784 

-99007. 

-114825. 

9.996 

650. 

-4226786. 

-3739057. 

300.474 

-99367. 

-116130. 

9.332 

700. 

-4225557. 

-3701586. 

276.216 

-99838. 

-117402. 

8.761 

750. 

-4225177. 

-3664166. 

255.195 

-100425. 

-118637. 

8.263 

(2  sigma) 

— 

— 

1174. 

1168. 

0.081 

800. 

-4223897. 

-3626807. 

236.806 

-101126. 

-119829. 

7.824 

850. 

-4222721. 

-3589526. 

220.585 

-103365. 

-120963. 

7.433 

900. 

-4221665. 

-3552310. 

206.171 

-103441. 

-121996. 

7.080 

950. 

-4241996. 

-3514502. 

193.241 

-103485. 

-123025. 

6.764 

1000. 

-4240934. 

-3476241. 

181.580 

-103496. 

-124053. 

6.480 

(2  sigma) 

— 

— 

— 

1208. 

1181. 

0.062 

1050. 

-4239895. 

-3438032. 

171.033 

-103466. 

-125082. 

6.222 

1100. 

-4238871. 

-3399  8 72. 

161.446 

-103390. 

-126113. 

5.989 

1150. 

-4245728. 

-3361478. 

152.683 

-103258. 

-127148. 

5.775 

1200. 

-4243767. 

-3323074. 

144.650 

-103060. 

-128191. 

5.580 

1250. 

-4241688. 

-3284754. 

137.262 

-102785. 

-129244. 

5.401 

12  sigma) 

— 

— 

— 

1372. 

1204. 

0.050 

1300. 

-4239479. 

-3246519. 

130.447 

-102420. 

-130309. 

5.236 

1350. 

-4237123. 

-3208373. 

124.139 

-101951. 

-131390. 

5.084 

14o0. 

-4234604. 

-3170317. 

113.286 

-101365. 

-132491. 

4.943 

1450. 

-4231907. 

-3132353. 

112.339 

-100646. 

-133615. 

4.813 

1500. 

-4229012. 

-3094487. 

107.760 

-99779. 

-134766. 

4.693 

(2  sigma) 

— 

— 

— 

2285. 

1245. 

0.043 

1550. 

-4225902. 

-3056720. 

103.011 

-98748. 

-135948. 

4.581 

1600. 

-4222556. 

-3019057. 

98.562 

-97536. 

-137167. 

4.478 

1650. 

-4218956. 

-2981503. 

94.386 

-96125. 

-138427. 

4.382 

1700. 

-4316099. 

-2943162. 

90.432 

-94499. 

-139733. 

4.293 

1750. 

-4311643. 

-2902845. 

86.645 

-92639. 

-141090. 

4.211 

(2  sigma) 

— 

— 

— 

4817. 

1424. 

0.043 

1800. 

-4459694. 

-2853737. 

82.958 

-90528. 

-142503. 

4.135 

(2  sigma) 

— 

5565. 

1505. 

0.044 
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Table  52.  Tbermophysical  values  for  margarite,  CaAl  .Si 20-,q(0H)2,  at 

1.01325  bars  (1  atm).  The  tabulations  are  based  on  a fit  of 
the  thermophysical  and  thermochemical  data  given  in  Section 
1.5.5. 


T Cp  S H-H (298)  i.G-H(298)]/T  ,V 

K <J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cm'1  /mol 


2UO. 

250. 

(2  sigma) 

273.150 

298.150 
(2  sigma) 

300. 

350. 

400. 

450. 

500. 

(2  sigma) 
550. 

600. 

650. 

700. 

750. 

(2  sigma) 
800. 

850. 

900. 

950. 

1000. 

(2  sigma) 
1050. 
1100. 
1150. 
12UU. 
1250. 

(2  sigma) 


233.508 

288.597 

0.520 

308.720 

327.702 

0.727 

329.009 

360.200 

385.154 

405.658 

422.853 

1.435 

437.512 

450.173 

461.230 

470.973 

479.627 

2.107 

487.363 

494.320 

500.606 

506.312 

511.510 

3.359 

516.262 

520.620 

524.626 

528.317 

531.726 

5.013 


150.974 
209.34  7 
0.686 
235.803 
263.677 
0.678 
265.708 
318.863 
368.648 
415.234 
458.889 
0.383 
499.897 
538.521 
575.000 

609.545 
642.339 

1.370 

673.545 
703.304 
731.739 
758.961 
785.066 

1.914 

810.139 

834.258 

857.490 

879.397 

901.534 

2.597 


-28011. 

-14880. 

28. 

-7961. 

0. 

0. 

607. 

17869. 

36524. 

56310. 

77035. 

2281 

98553. 

120753. 

143544. 

166854. 

190623. 

626. 

214802. 

239347. 

264222. 

289398. 

314845. 

1201. 

340541. 

366465. 

392597. 

413922. 

445424. 

2115. 


-291.027 

-268.866 

0.678 

-264.947 

-263.677 

0.678 

-263.684 

-267.810 

-277.338 

-290.100 

-304.819 

0.687 

-320.709 

-337.266 

-354.163 

-371.182 

-388.175 

0.770 

-405.044 

-421.720 

-433.159 

-454.332 

-470.221 

0.928 

-485.814 

-501.108 

-516.101 

-530.795 

-545.194 

1.134 


133.4726 

133.6249 

0.2834 

133.6954 

133.7715 

0.2567 

133.7772 

133.9295 

134.0818 

134.2341 

134.3864 

0.5331 

134.5387 

134.6910 

134.8433 

134.9956 

135.1479 

1.0854 

135.3002 

135.4525 

135.6048 

135.7571 

135.9094 

1.6620 

136.0617 

136.2140 

136.3663 

136.5186 

136.6709 

2.2442 


/ 
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Table  53.  Thermochemical  properties  of  margarite,  CaAl.Si 
1. U1 3^5  bars  U atm).  Columns  2 through  4 give 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


2t^0H^2’  at 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-6235930. 

-5983852. 

1562.821 

-145072. 

-142612. 

37.246 

250. 

-6240331. 

-5920281. 

1236.974 

-147321. 

-141727. 

29.612 

(2  sigma) 

— 

— 

— 

1688. 

1643. 

0.343 

273.150 

-6241747. 

-5890578. 

1126.458 

-148246. 

-141167. 

26.995 

298.150 

-6242914. 

-5858382. 

1026.364 

-149196. 

-140477. 

24.611 

(2  sigma) 

— 

— 

— 

1692. 

1636. 

0.287 

300. 

-6242987. 

-5855996. 

1019.619 

-149265. 

-140423. 

24.450 

350. 

-6244341. 

-5791375. 

864.315 

-151076. 

-138805. 

20.715 

400. 

-6244706. 

-5726630. 

747.321 

-192566. 

-134031. 

17.503 

450. 

-6244310. 

-5661888. 

657.214 

-192183. 

-126736. 

14.711 

500. 

-6243327. 

-5597222. 

584.737 

-191764. 

-119487. 

12.483 

(2  sigma) 

— - 



— 

1757. 

1599. 

0.167 

550. 

-6241893. 

-5532678. 

525.450 

-191321. 

-112280. 

10.663 

SOU. 

-624U120. 

-5468280. 

476.056 

-190866. 

-105115. 

9.151 

65U. 

-6238101. 

-5404040. 

434.274 

-190410. 

-97987. 

7.874 

70U. 

-623b913. 

-5339963. 

398.473 

-189962. 

-90895. 

6.783 

75U. 

-6234459. 

-5276009. 

367.454 

-189531. 

-83834. 

5.839 

(4  sigma) 

— 

— 

— 

1929. 

1553. 

U.  108 

auu. 

-6232018. 

-5212192. 

340.321 

-189124. 

-76801. 

5.015 

85U. 

-6229620. 

-5148527. 

316.390 

-190174. 

-69782. 

4.288 

900. 

-O227308. 

-5U85001. 

295.126 

-188992. 

-62733. 

3.641 

950. 

-6267639. 

-5020305. 

276.035 

-187724. 

-55753. 

3.066 

1000. 

-6265070. 

-4954722. 

258.808 

-186382. 

-48842. 

2.551 

(2  sigma) 

— 

— 

— 

2249. 

1574. 

0.082 

1050. 

-6262458. 

-4889269. 

243.228 

-184978. 

-41999. 

2.089 

1100. 

-6259817. 

-4823940. 

229.070 

-183521. 

-35224. 

1.673 

1150. 

-6265034. 

-4758452. 

216.136 

-182021. 

-28517. 

1.295 

1200. 

-6261432. 

-4693026. 

204.282 

-180487. 

-21876. 

0.952 

1250. 

-6257733. 

-4627751. 

193.383 

-178928. 

-15299. 

0.639 

(2  sigma) 

— 

2885. 

1760. 

0.074 

A 
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Taoie  34.  Tnermophysical  values  for  calcite,  CaCU-,,  at  1.01325  bars  (1 

atm).  The  taDulations  are  cased  on  a fft  of  the  thermophysical 
and  tnermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

3V 

cm  /mol 

200. 

65.922 

61.997 

-7378. 

-98.884 

36.7652 

250. 

75.672 

77.306 

-3826. 

-93.110 

36.7709 

(2  sigma) 

0.251 

0.446 

10. 

0.444 

0.1402 

273.150 

79.387 

84.673 

-2031. 

-92.106 

36.77  3 9 

298.150 

32  . 991 

91.783 

0. 

-91.783 

36.7775 

(2  sigma) 

0.163 

0.444 

0. 

0.444 

0.1407 

300. 

33.244 

92.297 

154. 

-91.785 

36.7777 

350. 

89.447 

105.609 

4476. 

-92.822 

36.7854 

400. 

94.725 

117.907 

9083. 

-95.199 

36.7939 

450. 

99.342 

129.336 

13937. 

-98.364 

36.8029 

500. 

103.469 

140.020 

19009. 

-102.001 

36.8126 

(2  sigma) 

0.123 

0.448 

25. 

0.444 

0. 1487 

550. 

107.218 

150.060 

24278. 

-105.918 

36.8226 

600. 

110.672 

159.539 

29726. 

-109.995 

36.3331 

650. 

113.887 

168.026 

35341. 

-114.155 

36.8439 

700. 

116.908 

177.077 

41112. 

-118.347 

36.3550 

750. 

119.767 

185.242 

47029. 

-122.536 

36.3663 

(2  sigma) 

0.203 

0.451 

43. 

0.445 

0.1416 

8UO. 

122.489 

193.059 

53086. 

-126.701 

36.8778 

850. 

125.096 

200.563 

59276. 

-130.827 

36.3894 

900. 

127. 6U3 

207.785 

65594. 

-134.903 

36  . 90  1 3 

950. 

130.025 

214.749 

72035. 

-138.923 

36.9132 

1000. 

132.371 

221.479 

78595. 

-142.384 

36.9252 

(2  sigma) 

0.545 

0.461 

103. 

0.446 

0.1517 

1050. 

134.650 

227.993 

35271. 

-146.782 

36.9374 

1100. 

136.872 

234.308 

92059. 

-150.618 

36.9496 

1150. 

139.041 

240.440 

98957. 

-154.390 

36  . 96  1 8 

1200. 

141.163 

246.403 

105963. 

-158.101 

36.9741 

1250. 

143.243 

252.208 

113073. 

-161.749 

36.9865 

(2  sigma) 

0.969 

.0.517 

279. 

0.448 

0.2026 

1300. 

145.236 

257.366 

120286. 

-165.338 

36.9989 

1350. 

147.294 

263.387 

127601. 

-163.367 

37.0113 

1400. 

149.271 

268.779 

135015. 

-172.340 

37.0233 

1450. 

151.219 

274.051 

142527. 

-175.756 

37.0362 

1500. 

153.142 

279.210 

150137. 

-179.119 

37.0487 

(2  sigma) 

1.434 

0.647 

573. 

0.455 

0. 2805 

1550. 

155.040 

284.263 

157841. 

-182.430 

37.0612 

1600. 

156.916 

289.215 

165640. 

-135.690 

37.0738 

1650. 

153.772 

294.072 

172533. 

-188.901 

37.0863 

1700. 

160.609 

298.339 

181517. 

-192.064 

37.0989 

1750. 

162.428 

303.521 

189593. 

-195.132 

37.1114 

(2  sigma) 

1.923 

0.343 

989. 

0.474 

0.3705 

1800. 

164.231 

308. 122 

197760. 

-198.255 

37.  1240 

(2  sigma) 

2.023 

0.895 

1087. 

0.430 

0.3893 
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TaDle  55 


. Thermochemical  properties  of  calcite,  CaCO.,,  at  1.01325  oars  (1 
atm).  Columns  2 through  4 give  the  thermochemical  values 


rel ative 
rel ative 

to  the  elements;  columns  5 through  7 give  the 
to  the  oxides. 

val ues 

T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El  ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

200. 

-1208980. 

-1156457. 

302.035 

-180485. 

-148379. 

38.752 

250. 

-1209187. 

-1143294. 

238.878 

-180470. 

-140351. 

29.325 

(2  sigma) 

— 

— 

— 

394. 

326. 

0.173 

273.150 

-1209155. 

-1137193. 

217.466 

-180419. 

-136638. 

26.129 

298.150 

-1209058. 

-1130610. 

198.078 

-130338. 

-132634. 

23.23  7 

(2  sigma) 

— 

— 

— 

894. 

314. 

0.143 

300. 

-1209048. 

-1130124. 

196.772 

-180332. 

-132338. 

23.042 

350. 

-1208696. 

-1116995. 

166.702 

-180099. 

-124356. 

18.559 

400. 

-1208200. 

-1103927. 

144.153 

-179785. 

-116413. 

15.202 

450. 

-12076UO. 

-1090  928. 

126.632 

-179396. 

-108515. 

12.596 

500. 

-1206923. 

-1078000. 

112.618 

-178933. 

-100663. 

10.516 

(2  sigma) 

— 

— 

— 

895. 

768. 

0.080 

55u. 

-1206187. 

-1065143. 

101.159 

-178398. 

-92861. 

8.319 

600. 

-1205405. 

-1U52355. 

91.616 

-177792. 

-85112. 

7.410 

650. 

-1204587. 

-1039634. 

83.546 

-177114. 

-77415. 

6.221 

700. 

-1203741. 

-1026977. 

76.634 

-176365. 

-69774. 

5.207 

750. 

-1203709. 

-1014345. 

70.645 

-175545. 

-62188. 

4.331 

(2  sigma) 

— 

— 

— - 

398. 

722. 

0.050 

800. 

-1202717. 

-1001753. 

65.408 

-174652. 

-54660. 

3.569 

850. 

-1201748. 

-989223. 

60.790 

-173639. 

-47139. 

2.900 

900. 

-1200801. 

-976749. 

56.689 

-172653. 

-39778. 

2.309 

950. 

-1199879. 

-964327. 

53.022 

-171546. 

-32425. 

1.783 

1000. 

-1198979. 

-951952. 

49.725 

-170367. 

-25134. 

1.313 

(2  signa) 

— 

... 

— 

910. 

589. 

0.036 

1050. 

-1198104. 

-939623. 

46.744 

-169116. 

-17903. 

0.891 

1100. 

-1197252. 

-927334. 

44.035 

-157793. 

-10733. 

0.510 

1150. 

-1204295. 

-914803. 

41.552 

-1563  99. 

-3625. 

0. 165 

1200. 

-1202548. 

-902254. 

39.274 

-154933. 

3421. 

-0.149 

1250. 

-1200721. 

-889779. 

37.182 

-1633  96. 

10405. 

-0.435 

(2  sigma) 

— 

— 

— 

953. 

573. 

0.028 

1300. 

-1198813. 

-377379. 

35.253 

-161737. 

17325. 

-0.596 

1350. 

-1196826. 

-365053. 

33.471 

-160108. 

24183. 

-0.936 

1400. 

-1194757. 

-852803. 

31.313 

-158358. 

30976. 

-1.156 

1450. 

-1192608. 

-840628. 

30.283 

-156537. 

37706. 

-1.358 

1500. 

-1190377. 

-823529. 

28.852 

-154645. 

44372. 

-1.545 

(2  sigma) 

— 

— 

— 

1096. 

680. 

0.024 

lo5u. 

-1188065. 

-81o5Q5. 

27.516 

-152684. 

50974. 

-1.718 

louu. 

-1185672. 

-6U4557. 

26.266 

-150652. 

57512. 

-1.878 

ibbu. 

-1183  1 96. 

-792685. 

25.094 

-148551. 

63984. 

-2.026 

1700. 

-118063b. 

-780890. 

23.394 

-146380. 

70392. 

-2.163 

175U. 

-1177997. 

-769171. 

22.958 

-144140. 

76736. 

-2.290 

(2  siyma) 

— 

— 

— 

1376. 

731. 

0.022 

1800. 

-1328108. 

-753605. 

21.869 

-141831. 

33014. 

-2.409 

(2  sigma) 

— 

— • 

— 

1452. 

749. 

0.022 
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Table  56.  Thermophysical  values  for  aragonite,  CaCCL,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fitJof  the  thermophysical 
and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

[G-H (298)]/T 
J/(mol  K) 

3v 

cm  /mol 

200. 

66.274 

58.305 

-7338. 

-94.993 

34.1417 

250. 

75.230 

74.104 

-3789. 

-89.261 

34.1420 

(2  sigma) 

0.249 

0.429 

13. 

0.430 

0.0876 

273.150 

78.628 

80.917 

-2008. 

-88.267 

34.1423 

298.150 

81.915 

87.948 

0. 

-87.948 

34.1426 

(2  sigma) 

0.325 

0.430 

0. 

0.430 

0.0876 

3O0. 

82.145 

88.455 

152. 

-87.949 

34.1426 

350. 

87.777 

101.554 

4404. 

-88.971 

34.1434 

400. 

92.542 

113.594 

8915. 

-91.306 

34.1443 

450. 

96.688 

124.739 

13648. 

-94.410 

34.1454 

5uO. 

100.373 

135. 120 

18576. 

-97.967 

34.1466 

(2  sigma) 

0.678 

0.440 

80. 

0.428 

0.0876 

550. 

103.706 

144.845 

23680. 

-101.792 

34.1478 

600. 

106.761 

154.002 

28942. 

-105.765 

34.1492 

650. 

109.593 

162.660 

34352. 

-109.811 

34.1506 

700. 

112.242 

170.880 

39898. 

-113.882 

34.1521 

750. 

114.740 

178.710 

45574. 

-117.945 

34.1536 

(2  sigma) 

2.367 

0.654 

396. 

0.413 

0.0877 

300. 

117.110 

186.191 

51370. 

-121.978 

34.1552 

850. 

119.371 

193.359 

57283. 

-125.968 

34.156  8 

900. 

121.540 

200.244 

63306. 

-129.904 

34.1585 

950. 

123.627 

206.872 

69435. 

-133.782 

34.1602 

1000. 

125.644 

213.265 

75667. 

-137.597 

34.1619 

(2  sigma) 

4.607 

1.495 

1235. 

0.461 

0.0884 

1050. 

127.599 

219.442 

81999. 

-141.348 

34.1636 

1100. 

129.499 

225.422 

88426. 

-145.035 

34.1653 

1150. 

131.350 

231.220 

94948. 

-148.656 

34.1670 

1200. 

133.158 

236.848 

101561. 

-152.214 

34.1688 

1250. 

134.926 

242.320 

108263. 

-155.710 

34.1706 

(2  sigma) 

7.075 

2.733 

2676. 

0.702 

0.0897 

1300. 

136.658 

247.646 

115053. 

-159.144 

34.1723 

1350. 

138.359 

252.335 

121928. 

-162.518 

34.1741 

1400. 

140.030 

257.897 

128888. 

-165.834 

34.1759 

1450. 

141.674 

262.840 

135931. 

-169.095 

34.  1777 

1500. 

143.294 

267.670 

143055. 

-172.300 

34.1795 

(2  sigma) 

9.667 

4.222 

4755. 

1.120 

0.0917 

1550. 

144.892 

272.395 

150260. 

-175.453 

34.1813 

16uO. 

146.469 

277. U20 

157544. 

-178.555 

34.1831 

1650. 

148.026 

281.551 

164906. 

-181.608 

34.1849 

1700. 

149.566 

285.993 

172346. 

-184.613 

34.1867 

1750. 

151.089 

290.351 

179863. 

-187.572 

34.1885 

(2  sigma) 

12.336 

5.893 

7494. 

1.659 

0.0945 

1800. 

152.598 

294.628 

187455. 

-190.486 

34.1903 

(2  sigma) 

12.876 

6.245 

8123. 

1.778 

0.0951 
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Table  57.  Thermochemical  properties  of  aragonite,  CaCO-,,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

200. 

-1209543. 

-1156283. 

301.990 

-181049. 

-148204.' 

38.707 

2bU. 

-1209753. 

-1142935. 

238.303 

-181037. 

-139992. 

29.250 

(2  sigma) 

— 

— 

— 

827. 

797. 

0.166 

273.150 

-1209736. 

-1136748. 

217.381 

-180  999. 

-136192. 

26.044 

298.150 

-1209661. 

-1130070. 

197.983 

-180942. 

-132094. 

23.142 

(2  signa) 

— 

— 

— 

827. 

792. 

0.139 

300. 

-1209654. 

-1129576. 

196.677 

-180937. 

-131791. 

22.947 

350. 

-1209371. 

-1116251. 

166.591 

-180774. 

-123612. 

18.443 

400. 

-1208971. 

-1102974. 

144.034 

-180557. 

-115460. 

15.078 

450. 

-1208492. 

-1089752. 

126.495 

-1802  88. 

-107339. 

12.460 

500. 

-1207959. 

-1076587. 

112.470 

-179969. 

-99250. 

10.369 

(2  sigma) 

— 

— 

— 

337. 

778. 

0.081 

550. 

-1207388. 

-1063477. 

101.001 

-179600. 

-91195. 

8.661 

600. 

-1206792. 

-1050420. 

91.447 

-179179. 

-83177. 

7.241 

650. 

-1206179. 

-1037414. 

83.368 

-178707. 

-75195. 

6.043 

700. 

-1205557. 

-1024456. 

76.446 

-178  1 82. 

-67252. 

5.018 

750. 

-1205768. 

-1011505. 

70.447 

-177604. 

-59348. 

4.133 

(2  sigma) 

— 

— 

— 

939. 

763. 

0.053 

300. 

-1205036. 

-998578. 

65.200 

-176972. 

-51485. 

3.362 

850. 

-1204345. 

-985696. 

60.573 

-176235. 

-43663. 

2.683 

900. 

-1203693. 

-972853. 

56.463 

-175545. 

-35883. 

2.083 

950. 

-1203082. 

-960046. 

52.787 

-174749. 

-28145. 

1.548 

1Q0U. 

-1202511. 

-947269. 

49.480 

-173898. 

-20451. 

1.068 

(2  sigma) 

— 

— 

— 

1519. 

783. 

0.041 

1050. 

-1201980. 

-934521. 

46.490 

-172991. 

-12801. 

0.637 

1100. 

-1201488. 

-921796. 

43.772 

-172029. 

-5195. 

0.247 

1150. 

-1208908. 

-908813. 

41.280 

-171012. 

2366. 

-0.107 

1200. 

-1207553. 

-895794. 

38. 993 

-169938. 

9881. 

-0.430 

1250. 

-1206134. 

-882833. 

36.892 

-168809. 

17351. 

-0.725 

(2  sigma) 

— 

— 

— 

2832. 

1033. 

0.043 

1300. 

-1204650. 

-869930. 

34.954 

-167624. 

24774. 

-0.995 

1350. 

-1203102. 

-857085. 

33.163 

-166384. 

32151. 

-1.244 

1400. 

-1201488. 

-844299. 

31.501 

-165088. 

39480. 

-1.473 

1450. 

-1199808. 

-331572. 

29. 956 

-163737. 

46763. 

-1.635 

1500. 

-1198062. 

-818904. 

28.517 

-162330. 

53997. 

-1.880 

(2  sigma) 



— 

— 

4855. 

1731. 

0.060 

1550. 

-1196250. 

-306295. 

27.172 

-160868. 

61184. 

-2.062 

1600. 

-1194371. 

-793745. 

25.913 

-159352. 

68323. 

-2.231 

1650. 

-119242  6. 

-781256. 

24.732 

-157780. 

75414. 

-2.387 

1700. 

-1190412. 

-768826. 

23.623 

-156154. 

82456. 

-2.534 

1750. 

-1188331. 

-756457. 

22.579 

-154474. 

39450. 

-2.670 

(2  sigma) 

— 

— 

— 

7567. 

2908. 

0.087 

1800. 

-1339017. 

-740224. 

21.481 

-152740. 

96395. 

-2.797 

(2  sigma) 

— 

— 

3192. 

3200. 

0.093 
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Table  58 


Thermophysical  values  for  lime,  CaO,  at  1.01325  bars  (1  atm) 
The  tabulations  are  based  on  a fit  of  the  thermophysical  and 
thermochemical  data  given  in  Section  1.5.5. 


T 

K 

CP 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

[G-H(298)]/T 
J/(mol  K) 

3v 

cm  /mol 

200. 

33.606 

22.842 

-3778. 

-41.734 

16.6616 

250. 

38.873 

30.955 

-1956. 

-38.777 

16.6978 

(2  sigma) 

— 

— 

— 

— 

— 

273.150 

40.605 

34.475 

-1035. 

-38.265 

16.7145 

298.150 

42.153 

38.100 

0. 

-38.100 

16.7326 

(2  sigma) 

— 

— 

— 

— 

— 

300. 

42.256 

38.361 

78. 

-38.101 

16.7339 

350. 

44.624 

45.063 

2253. 

-38.625 

16.7701 

400. 

46.380 

51.142 

4530. 

-39.815 

16.8062 

450. 

47.738 

56 . 686 

6885. 

-41.387 

16.8424 

5UU. 

48.821 

61.774 

9300. 

-43.174 

16.8785 

(2  sigma) 

— 

— 

— 

— 

— 

53U. 

49.707 

66.470 

11764. 

-45.081 

16.9147 

60  U. 

. 50.446 

70.827 

14268. 

-47.048 

16.9508 

650. 

51.07b 

74.891 

16806. 

-49.035 

16.9870 

700. 

51.617 

78.696 

19374. 

-51.019 

17.0231 

750. 

52.092 

82.274 

21967. 

-52.985 

17.0593 

(2  sigma) 

— 

— 

— 

— 

— 

800. 

52.513 

85.649 

24582. 

-54.922 

17.0954 

850. 

52.891 

88.845 

27218. 

-56.324 

17.1316 

900. 

53.235 

91.878 

29871. 

-58.688 

17.1677 

950. 

53.550 

94.764 

32541. 

-60.511 

17.2039 

1000. 

53.842 

97.519 

35225. 

-62.293 

17.2400 

(2  sigma) 

— 

— 

— 

— 

— 

1050. 

54.117 

100.152 

' 37924. 

-64.034 

17.2762 

1100. 

54.376 

102.676 

40637. 

-65.733 

17.3123 

1150. 

54.524 

105.099 

43362. 

-67.393 

17.3485 

1200. 

54.863 

107.423 

46099. 

-69.012 

17.3846 

1250. 

55.095 

109.673 

48848. 

-70.594 

17.4208 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

55.321 

111.838 

51608. 

-72.139 

17.4569 

1350. 

55.545 

113.930 

54380. 

-73.648 

17.4931 

1400. 

55.766 

115.954 

57163. 

-75.123 

17.5293 

1450. 

55.986 

117.915 

59957. 

-76.565 

17.5654 

1500. 

56.207 

119.817 

62762. 

-77.976 

17.6015 

(2  sigma) 

— 

— 

— 

— 

— 

1550. 

5o.429 

121.663 

65577. 

-79.355 

17.6377 

loUU. 

56.652 

123.458 

68404. 

-80.705 

17.6739 

165U. 

56.879 

125.205 

71243. 

-82.028 

17.7100 

17UU. 

57.109 

126.906 

74092. 

-83.323 

17.7462 

1750. 

57.342 

128.565 

76954. 

-84.592 

17.7823 

(2  sigma) 

— 

— 

— 

— 

— 

1800. 

57.580 

130.184 

79827. 

-85.336 

17.8185 

(2  sigma) 

— 

... 
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Table  59. 


Thermochemical  properties  of  lime,  CaO,  at  1.01325 
atm).  Columns  2 through  4 give  the  thermochemical 
relative  to  the  elements;  columns  5 through  7 give 
relative  to  the  oxides. 


bars  (1 
values 
the  values 


T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

2017. 

-834987. 

-613888. 

160.331 

0.0 

0.0 

0.0 

2bO. 

-835133. 

-608591. 

127.158 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

273. lbU 

-635131. 

-806133. 

115.911 

0.0 

0.0 

0.0 

298.15U 

-835094. 

-603480. 

105.727 

0.0 

0.0 

0.0 

(2  sigma; 

— 

— 

— 

0.0 

0.0 

0.0 

300. 

-835090. 

-603284. 

105.041 

0.0 

0.0 

0.0 

350. 

-634931. 

-597994. 

89.246 

0.0 

0.0 

0.0 

400. 

-634706. 

-592732. 

77.403 

0.0 

0.0 

0.0 

450. 

-634444. 

-587501. 

68.195 

0.0 

0.0 

0.0 

500. 

-634169. 

-582300. 

60.832 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

550. 

-633898. 

-577126. 

54.811 

0.0 

0.0 

0.0 

600. 

-633644. 

-571977. 

49.795 

0.0 

0.0 

0.0 

650. 

-633419. 

-566847. 

45.552 

0.0 

0.0 

0.0 

700. 

-633232. 

-561733. 

41.917 

0.0 

0.0 

0.0 

750. 

-633927. 

-556595. 

38.765 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

300. 

-633728. 

-551447. 

36.006 

0.0 

0.0 

0.0 

850. 

-633621. 

-546308. 

33.572 

0.0 

0.0 

0.0 

900. 

-633606. 

-541173. 

31.409 

0.0 

0.0 

0.0 

950.  ' 

-633686. 

-536036. 

29.473 

0.0 

0.0 

0.0 

1000. 

-633360. 

-530892. 

27.731 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1050. 

-634129. 

-525737. 

26.154 

0.0 

0.0 

0.0 

1100. 

-634494. 

-520568. 

24.720 

0.0 

0.0 

0.0 

1150. 

-6  4 2 827. 

-515099. 

23.397 

0.0 

0.0 

0.0 

1200. 

-642442. 

-809554. 

22.130 

0.0 

0.0 

0.0 

1250. 

-042049. 

-504025. 

21.082 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0. 0 

0.0 

0.0 

1300. 

-641049. 

-498812. 

20.030 

0.0 

0.0 

0.0 

13bu. 

-841242. 

-493014. 

19.076 

0.0 

0.0 

0.0 

1400. 

-640828. 

-487532. 

18.190 

0.0 

0.0 

0.0 

1450. 

-640406. 

-482064. 

17.366 

0.0 

0.0 

0.0 

1500. 

-639976. 

-476612. 

16.597 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1550. 

-639537. 

-471173. 

15.878 

0.0 

0.0 

0.0 

1600. 

-639090. 

-465749. 

15.205 

0.0 

0.0 

0.0 

1650. 

-538633. 

-460339. 

14.573 

0.0 

0.0 

0.0 

1700. 

-638167. 

-454944. 

13.979 

0.0 

0.0 

0.0 

1750. 

-637691. 

-449562. 

13.419 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0. 0 

1800. 

-790039. 

-440270. 

12.776 

0.0 

0.0 

0.0 

(2  sigma) 

— ■- 

... 

0.0 

0.0 

0.0 
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Table  60.  Thermophysical  values  for  stable  phases  with  the  composition 

CaSiO^  at  1.01325  bars  (1  atm).  The  tabulations  are  based  on  a 
fit  of  the  thermophysical  and  thennochemical  data  given  in 
Section  1.5.5. 


T 

K 

Op 

J/(mol  K) 

S 

J/(mol  K.) 

H-H(298) 

J/mol 

LG-H (298) j/T 
J/(mol  K) 

cm^/mol 

wol 1 astonite 

200. 

65.696 

50.950 

-7572. 

-88.810 

39.5612 

250. 

77.362 

66.995 

-3965. 

-32.857 

39.6874 

(2  sigma) 

0.075 

0.689 

3. 

0.689 

0. 1482 

273.150 

82.290 

74.088 

-2111. 

-31.315 

39.7403 

298.150 

86.456 

81.479 

0. 

-31.479 

39.7940 

(2  sigma) 

0.076 

0.689 

0. 

0.689 

0.0986 

300. 

86.742 

82.015 

160. 

-31.481 

39.7978 

350. 

93.556 

95.919 

4675. 

-82.563 

39.8948 

400. 

98.972 

108.778 

9493. 

-85.047 

39.9804 

450. 

103.389 

120.699 

14555. 

-38.354 

40.0564 

500. 

107.062 

131.788 

19819. 

-92.149 

40.12  43 

(2  sigma) 

*0.113 

0.688 

17. 

0.688 

0.0807 

550. 

110.165 

142.141 

25252. 

-96.229 

40.1854 

600. 

112.813 

151.844 

30828. 

-100.463 

40.2406 

650. 

115.108 

160.967 

36528. 

-104.770 

40.2909 

700. 

117.102 

169.572 

42334. 

-109.094 

40.3370 

750. 

118.849 

177.712 

48234. 

-113.400 

40.3795 

(2  sigma) 

0.130 

0.690 

50. 

0.688 

0.0745 

8U0. 

120.387 

185.432 

54216. 

-117.663 

40.4191 

650. 

121.748 

192.772 

60270. 

-121.867 

40.4562 

900. 

122.955 

199.76b 

66388. 

-126. 0U2 

40.4911 

950. 

124.029 

20b. 443 

72563. 

-130.061 

40.5242 

luoo. 

124.967 

212.830 

78789. 

-134.041 

40. 5558 

(2  sigma) 

0.26U 

0.593 

8U. 

U.638 

0.1827 

1050. 

125.642 

218.949 

85060. 

-137.940 

40.5860 

1100. 

126.605 

224.821 

91371. 

-141.756 

40.6152 

1150. 

127.286 

230.464 

97719. 

-145.491 

40.6434 

1200. 

127.894 

235.395 

104099. 

-149.146 

40.5709 

1250. 

128.435 

241.127 

110507. 

-152.721 

40.5977 

(2  sigma) 

0.837 

0.696 

145. 

0.688 

0.3695 

1300. 

128.917 

246.174 

116941. 

-156.219 

40.7239 

1350. 

129.343 

251.047 

123398. 

-159.641 

40.7496 

1398.150 

129.706 

255.586 

129635. 

-162.868 

40.7740 

cycl owol 1 astonite  (=  "pseudowoll astonite" ) 

1398.150 

124.159 

256.828 

131371. 

-162.863 

40.9142 

1400. 

124.176 

256.992 

131600. 

-162.992 

40.9157 

1450. 

124.633 

261.358 

137821. 

-166.309 

40.9564 

1500. 

125.066 

265.590 

144063. 

-169.548 

40.9972 

(2  sigma) 

2.315 

0.968 

1032. 

0.685 

0.5886 

1550. 

125.478 

269.698 

150327. 

-172.713 

41.0381 

1600. 

125.869 

273.688 

156611. 

-175.306 

41.0791 

1650. 

126.241 

277.567 

162913. 

-178.831 

41.1201 

1700. 

126.597 

281.341 

169234. 

-181.791 

41.1612 

1750. 

126.936 

285.015 

175573. 

-184.683 

41.2023 

(2  sigma) 

2.652 

1.220 

1478. 

0.699 

0.8142 

1800. 

127.261 

288.596 

131928. 

-137.525 

41.2434 

(2  sigma) 

2.712 

1.277 

1589. 

0.706 

0.8601 
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Taole  61 


. Thermochemical  properties  of  stdble  phdses  with  the  composition 
CdSiU^  dt  1.01325  Ddrs  (1  dtm).  Columns  2 through  4 give  the 
thermfchemical  vdlues  reldtive  to  the  elements;  columns  5 
through  7 give  the  vdlues  reldtive  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

wol 1 astonite 

200. 

-1633703. 

-1577216. 

411.926 

-38836. 

-89253. 

23.310 

250. 

-1634371. 

-1563007. 

326.572 

-88864. 

-89354. 

18.669 

(2  sigma) 

--- 

— 

• 

741. 

657. 

0.137 

273.150 

-1634  543. 

-1556391. 

297.629 

-88876. 

-89399. 

17.096 

298.150 

-1634651. 

-1549232. 

271.419 

-88888. 

-89446. 

15.671 

(2  sigma) 

... 

— 

— 

741. 

644. 

0.113 

300. 

-1634656. 

-1548702. 

269.653 

-88889. 

-89449. 

15.574 

350. 

-1634672. 

-1534372. 

228.992 

-88910. 

-89541. 

13.363 

400. 

-1634494. 

-1520054. 

198.499 

-88933. 

-89630. 

11.700 

450. 

-1634178. 

-1505767. 

174.785 

-88966. 

-39715. 

10.414 

5UU. 

-1633765. 

-1491520. 

155.818 

-89016. 

-89796. 

9.381 

(2  sigma) 

— 

— 

— 

741. 

510. 

0.064 

55U. 

-1633286. 

-1477319. 

140.304 

-89088. 

-898 70. 

8.535 

6uu. 

-1032767. 

-1463162. 

127.380 

-89187. 

-89937. 

7.830 

060. 

-1632228. 

-1449050. 

116.447 

-89319. 

-89995. 

7.232 

7UU. 

-1631686. 

-1434980. 

107.079 

-89486. 

-90041. 

6.719 

750. 

-1631991. 

-1420912. 

98.961 

-89693. 

-90073. 

6.273 

(2  sigma) 

— 

— 

— 

743. 

611. 

0.043 

800. 

-1631375. 

-1406860. 

91.858 

-89943. 

-90091. 

5.382 

850. 

-1630826. 

-1392845. 

85.594 

-90950. 

-90086. 

5.536 

900. 

-1630351. 

-1378861. 

80.027 

-90870. 

-90037. 

5.226 

950. 

-1629954. 

-1364900. 

75.047 

-90775. 

-89994. 

4.943 

1000. 

-1629639. 

-1350958. 

70.567 

-90669. 

-89955. 

4.699 

(2  sigma) 

— 

— 

— 

745. 

657. 

0.034 

1050. 

-1629410. 

-133703  0. 

66.514 

-90557. 

-89922. 

4.473 

1100. 

-1629269. 

-1323111. 

62.829 

-90443. 

-89895. 

4.269 

1150. 

-1637092. 

-1308916. 

59.453 

-90331. 

-89872. 

4.082 

1200. 

-1636194. 

-1294667. 

56.355 

-90224. 

-89855. 

3.911 

1250. 

-1635289. 

-1280455. 

53.507 

-90125. 

-89842. 

3.754 

(2  siama) 



— 

— 

752. 

742. 

0.031 

1300. 

-1634378. 

-1266280. 

50.380 

-90037. 

-89832. 

3.609 

1350. 

-1633463. 

-1252139. 

48.448 

-39963. 

-39826. 

3.476 

1398.150 

-1632579. 

-1233554. 

46.272 

-89906. 

-89822. 

3. 356 

cycl owoll astonite  (= 

"pseudowol  1 astonite'1) 

1398.150 

-1530843. 

-1238554. 

46.272 

-88171. 

-89822. 

3.  356 

1400. 

-1630819. 

-1238035. 

46.192 

-88179. 

-89824. 

3. 351 

1450. 

-1630174. 

-1224019. 

44.094 

-88413. 

-39879. 

3.238 

1500. 

-1629520. 

-1210025. 

42.137 

-88662. 

-89925. 

3.131 

(2  sigma) 

— 

— 

— 

1222. 

855. 

0.030 

i=3U. 

-1628859. 

-119O052. 

40.307 

-38925. 

-89963. 

3.032 

iouU. 

-1628190. 

-1182101. 

38.592 

-89205. 

-89992. 

2.938 

looU. 

-1627014. 

-1168172. 

36.981 

-89501. 

-90012. 

2.850 

1700. 

-1677339. 

-1153812. 

35.452 

-39817. 

-90023. 

2.766 

1750. 

-Io7o504. 

-1138427. 

33.380 

-90151. 

-90024. 

2.637 

(2  sigma) 

— 

— 

— 

1650. 

1020. 

0.030 

1800. 

-1828491. 

-1119141. 

32.477 

-90506. 

-90015. 

2.512 

(2  sigma) 

— 

— 

1757. 

1062. 

0.031 
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Ta&le  62.  Thermophysical  values  for  wol I astonite,  CaSiCL,  at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  a fit  5f  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

3V 

cm  /mol 

200. 

65.696 

50.950 

-7572. 

-88.310 

39.5612 

250. 

77.362 

66.995 

-3965. 

-82.857 

39.6874 

(2  sigma) 

0.075 

0.689 

3. 

0.689 

0.1482 

273.150 

32.290 

74.088 

-2111. 

-81.815 

39.7403 

298.150 

36.456 

81.479 

0. 

-31.479 

39.7940 

(2  sigma) 

0.076 

0.689 

0. 

0.689 

0.0986 

300. 

86.742 

82.015 

160. 

-81.481 

39.7978 

350. 

93.556 

95.919 

4675. 

-82.563 

39.8948 

400. 

98.972 

108.778 

94  93. 

-85.047 

39. 9804 

450. 

103.389 

120.699 

14555. 

-88.354 

40.0564 

500. 

107.062 

131.788 

19819. 

-92.149 

40.1243 

(2  sigma) 

0.118 

0. 688 

17. 

0.688 

0.0807 

550. 

110.165 

142.141 

25252. 

-96.229 

40.1854 

50u. 

112.618 

151.644 

30828. 

-100.463 

40.2406 

650. 

115.108 

loO. 9b7 

36528. 

-104.770 

40.2909 

7o0. 

• 117.102 

lo9. 572 

42334. 

-1U9.094 

40.3370 

75o. 

118.849 

177.712 

48234. 

-113.400 

40.3795 

(2  sigma) 

0. 180 

Q.o90 

50. 

0.688 

0.0745 

600. 

120.387 

185.432 

54216. 

-117.663 

40.4191 

350. 

121.748 

192.772 

60270. 

-121.367 

40.4562 

900. 

122.955 

199.766 

66388. 

-126.002 

40.4911 

950. 

124.029 

206.443 

72563. 

-130.061 

40.5242 

1000. 

124.987 

212.330 

78789. 

-134.041 

40.5553 

(2  sigma) 

0.260 

0.693 

30. 

0.688 

0.1827 

1050. 

125.342 

218.949 

85060. 

-137.940 

40.5860 

1100. 

126.605 

224.821 

91371. 

-141.756 

40.6152 

1150. 

127.286 

230.464 

97719. 

-145.491 

40.6434 

1200. 

127.894 

235.895 

104099. 

-149.146 

40.6709 

1250. 

128.435 

241.127 

110507. 

-152.721 

40.6977 

(2  sigma) 

0.837 

0.696 

145. 

0.638 

0.3695 

1300. 

128.917 

246.174 

116941. 

-156.219 

40.7239 

1350. 

129.343 

251.047 

123398. 

-159.641 

40.7496 

1398.150 

129.706 

255.586 

129635. 

-162.868 

40.7740 

1400. 

129.719 

255.758 

129875. 

-162.990 

40.7750 

1450. 

130.048 

260.316 

136369. 

-166.268 

40.8000 

1500. 

130.335 

264.730 

142879. 

-169.477 

40.3247 

(2  sigma) 

1.368 

0.  753 

438. 

0.588 

0.5803 

1550. 

130.583 

269.007 

149402. 

-172.619 

40.3491 

1600. 

130.794 

273.157 

155937. 

-175.696 

40.3734 

1650. 

130.972 

277.184 

162481. 

-178.711 

40.3974 

1700. 

131.117 

281.096 

159033. 

-181. 665 

40.9214 

17a0. 

131.233 

264.699 

175692. 

-184. Sol 

40.3452 

(2  siuma) 

3.333 

U.97U 

1062. 

0.692 

0.8008 

1600. 

131.321 

288.597 

182156. 

-187.399 

40.9639 

(2  sigma) 

3.678 

1.041 

1235. 

0.695 

0.3456 

I 

I 

I 

I 

I 

I 

I 

I 

I 

i 

i 

1 

' 
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Table  63.  Thermochemical  properties  of  wol 1 astonite,  CaSiO,,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  thentiochemical 


val ues  rel ative  to  the 
values  relative  to  the 

el ements; 
oxides. 

col  isnns 

5 through  7 

give  the 

Formation  from  the  Elements 

Formation  from 

the  Oxides 

T 

H 

6 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-1633703. 

-1577216. 

411.926 

-88836. 

-39253. 

23.310 

250. 

-1634371. 

-1563007. 

326.572 

-88864. 

-89354. 

18. 569 

(2  sigma) 

— 

— 

— 

741. 

657. 

0.137 

273.150 

-lo34543. 

-1556391. 

297.629 

-S6&76* 

-89399. 

17.096 

290.150 

-1634051. 

-1549232. 

271.419 

-88888. 

-89446. 

15.671 

(2  sigma) 

— 

— 

— 

741. 

644. 

0.113 

30U. 

-1634650. 

-1548702. 

269.653 

-68889. 

-89449. 

15.574 

350. 

-1534o72. 

-1534372. 

228.992 

-88910. 

-39541. 

13.363 

400. 

-1634494. 

-1520054. 

198.499 

-88933. 

-89630. 

11.704 

450. 

-1634178. 

-1505767. 

174.785 

-88966. 

-39715. 

10.414 

500. 

-1633765. 

-1491520. 

155.313 

-89016. 

-89796. 

9.381 

(2  sigma) 

— 

— 

— 

741. 

610. 

0.064 

550. 

-1633286. 

-1477319. 

140.304 

-89088. 

-89870. 

3. 535 

600. 

-1632767. 

-1463162. 

127.380 

-39187. 

-89937. 

7.330 

650. 

-1632228. 

-1449050. 

116.447 

-39319. 

-39995. 

7.232 

700. 

-1631586. 

-1434980. 

107.079 

-89486. 

-90041. 

6.719 

750. 

-1631991. 

-1420912. 

98.961 

-89693. 

-90073. 

6.273 

(2  sigma) 



— 

— 

743. 

611. 

0.043 

300. 

-1631375. 

-1406860. 

91.858 

-89943. 

-90091. 

5.382 

850. 

-1630826. 

-1392345. 

85.594 

-90950. 

-90086. 

5.536 

900. 

-1630351. 

-1378861. 

80.027 

-90870. 

-90037. 

5.226 

950. 

-1629954. 

-1364900. 

75.047 

-90775. 

-89994. 

4.943 

1000. 

-1629639. 

-1350958. 

70.567 

-90669. 

-39955. 

4.699 

(2  sigma) 

... 



... 

745. 

557. 

0.034 

1050. 

-1629410. 

-1337030. 

66.514 

-90557. 

-89922. 

4.473 

1100. 

-1629269. 

-1323111. 

62.329 

-90443. 

-39895. 

4.  269 

1150. 

-1637092. 

-1308915. 

59.453 

-90331. 

-39872. 

4.082 

1200. 

-1636194. 

-1294667. 

56.355 

-90224. 

-89855. 

3.911 

1250. 

-1635239. 

-1280455. 

53.507 

-90125. 

-39842. 

3.754 

(2  sigma) 

- — 

— 

— 

752. 

742. 

0.031 

1300. 

-1634378. 

-1266280. 

50.880 

-90037. 

-89332. 

3. 609 

1390. 

-1633463. 

-1252139. 

48.448 

-89963. 

-89826. 

3.476 

1393.150 

-1632579. 

-1238504. 

46.272 

-89906. 

-89822. 

3. 356 

1400. 

-1032545. 

-1238033. 

46.192 

-89905. 

-89822. 

3.351 

1450. 

-i63i625. 

-1223960. 

44.092 

-89865. 

-89819. 

3.236 

1500. 

-Io30704. 

-1209913. 

42.133 

-89846. 

-39818. 

3.123 

(2  sigma) 

— 

— 

— 

350. 

355. 

0.030 

1550. 

-1629784. 

-1195907. 

40.302 

-89850. 

-89817. 

3.027 

1600. 

-1628864. 

-1181925. 

38.586 

-89879. 

-89816. 

2.932 

1650. 

-1627946. 

-1167973. 

36.975 

-89934. 

-89813. 

2.343 

1700. 

-1677540. 

-1153598. 

35.346 

-900  1 3. 

-39808. 

2.759 

1750. 

-1676485. 

-1138203. 

33.973 

-90132. 

-89800. 

2.680 

(2  sigma) 

— 

— 

— 

1279. 

996. 

0.030 

1300. 

-1823263. 

-1118915. 

32.470 

-90277. 

-89789. 

2.506 

(2  sigma) 

— 

— 

... 

1423. 

1029. 

0.030 

179 


Table  64.  Thermophysical  values  for  cycl owol 1 astonite  (=  "pseudo- 

wollastonite" ),  CaSiCL,  at  1.01325  bars  (1  atm).  The  tabula- 
tions are  based  on  a fit  of  the  thermophysical  and  thermo- 
chemical data  given  in  Section  1.5.5. 


T Cp  S H-H (298)  [G-H(298)]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


2UU. 

69.327 

250. 

81.283 

(2  sigma) 

1.149 

273. 15U 

85.285 

298.150 

88.906 

(2  sigma) 

1.290 

300. 

89.150 

350. 

94.798 

400. 

99.098 

450. 

102.511 

500. 

105.304 

(2  sigma) 

0.958 

550. 

107.646 

600. 

109.646 

650. 

111.380 

700. 

112.903 

750. 

114.255 

(2  sigma) 

0.884 

800. 

115.466 

850. 

116.559 

900. 

117.551 

950. 

118.459 

1000. 

119.292 

(2  sigma) 

1.406 

1050. 

120.061 

lioo. 

120.774 

1150. 

121.438 

1200. 

122. 057 

1250. 

122. 6j6 

(2  sigma) 

1.905 

1200. 

123.180 

1350. 

123.693 

1398.150 

124.159 

1400. 

124.176 

1450. 

124.533 

1500. 

125.066 

(2  sigma) 

2.315 

1550. 

125.478 

1600. 

125.869 

1650. 

126.241 

1700. 

126.597 

1750. 

126.936 

(2  sigma) 

2.552 

1300. 

127.261 

(2  sigma) 

2.712 

83.409 

-7897 

72.208 

-4108, 

0.975 

59, 

79.646 

-2179, 

87.276 

0, 

0.904 

0, 

87.826 

165, 

102.015 

4770, 

114.966 

9622, 

126.842 

14666, 

137.792 

19863, 

0.384 

236 

147.941 

25188, 

157.396 

30622, 

166.242 

36149, 

174.553 

41756, 

182.390 

47436 

0.872 

389 

189.803 

53180, 

196.336 

58981 

203.527 

64834 

209.907 

70734 

216.005 

76678, 

0.798 

519 

221.844 

82663, 

227.446 

88684 

232.330 

94739 

238.011 

100827 

243.006 

106944 

0.812 

794, 

247.826 

113090, 

252.485 

119262 

256.828 

125229, 

256.992 

1254  59 

261.358 

131679, 

265.590 

137921, 

0.968 

1236 

269.698 

144185 

273.688 

150469, 

277.567 

156772, 

281.341 

163093, 

285.015 

169431, 

1.220 

1304 

288.596 

175786, 

1.277 

1930, 

-94.893 

40.1374 

-88.700 

40.1453 

0.899 

0.1800 

-87.622 

40.1508 

-87.276 

40.1578 

0.904 

0.1244 

-87.277 

40.1584 

-88.385 

40.1758 

-90.910 

40.1968 

-94.252 

40.2210 

-98.066 

40.2478 

0.867 

0.0994 

-102.144 

40.2769 

-106.359 

40.3078 

-110.629 

40.3403 

-114.901 

40.3742 

-119.142 

40.4092 

0.822 

0. 1000 

-123.328 

40.4452 

-127.447 

40.4820 

-131.490 

40.5195 

-135.450 

40.5576 

-139.327 

40.5962 

0.785 

0.1913 

-143.118 

40.6352 

-146.825 

40.6746 

-150.448 

40.7142 

-153.989 

40.7542 

-157.450 

40.7943 

0.744 

0.3748 

-160.834 

40.3346 

-164.143 

40.8751 

-167.260 

40.9142 

-167.379 

40.9157 

-170.545 

40.9564 

-173.643 

40.9972 

0.709 

0.5886 

-176.675 

41.0381 

-179.645 

41.0791 

-182.554 

41.1201 

-185.404 

41.1612 

-188.198 

41.2023 

0.691 

0.8142 

-190.937 

41.2434 

0.690 

0.3601 
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Table  65.  Thermochemical  properties  of  cycl owol 1 astonite  (*  "pseudo- 
wol  1 astonite14) , CaSiO^,  at  1.01325  bars  (1  atm).  Columns  2 
through  4 give  the  then, locnemi cal  values  relative  to  the 
elements,  columns  5 through  7 give  the  values  relative  to  tne 
oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-1627886. 

-1572291. 

410.640 

-83019. 

-34323. 

22.024 

250. 

-1628372. 

-1553326. 

325.594 

-32865. 

-34673. 

17.691 

(2  sigma) 

— 

— 

— 

1012. 

896. 

0.187 

273.150 

-1628470. 

-1551835. 

296.758 

-32803. 

-34843. 

16.225 

298.150 

-1628510. 

-1544819. 

270.646 

-82746. 

-35032. 

14.397 

(2  sigma) 



— 

— 

1021. 

379. 

0.154 

300. 

-1628510. 

-1544300. 

268.886 

-82743. 

-35047. 

14.808 

350. 

-1623434. 

-1530268. 

228.380 

-32672. 

-35437. 

12.751 

400. 

-1628223. 

-1516258. 

198.003 

-32662. 

-35834. 

11.209 

450. 

-1627926. 

-1502279. 

174.380 

-32714. 

-36227. 

10.009 

500. 

-1627579. 

-1488337. 

155.485 

-32830. 

-36612. 

9.048 

(2  sigma) 

— 

— 

— 

1073. 

796. 

0.033 

550. 

-1627208. 

-1474430. 

140.030 

-33010. 

-36982. 

8.261 

600. 

-1626332. 

-1460558. 

127.153 

-33252. 

-37333. 

7.603 

650. 

-1626466. 

-1446717. 

116.260 

-33556. 

-37661. 

7.045 

700. 

-1626122. 

-1432903. 

106.924 

-33  922. 

-37964. 

6.564 

7bU. 

-1626o47. 

-1419076. 

98.833 

-34349. 

-88238. 

6. 145 

U sigma) 

— 

— 

— 

1072. 

717. 

0.050 

600. 

-1626269. 

-1405251. 

91.753 

-84337. 

-38482. 

5.777 

aou. 

-1625973. 

-1391447. 

85.508 

-86097. 

-38688. 

5.450 

900. 

-1625763. 

-1377658. 

79.957 

-86282. 

-88835. 

5.156 

950. 

-1625640. 

-1363878. 

74.991 

-86462. 

-38972. 

4.392 

100U. 

-1525607. 

-1350102. 

70.522 

-86633. 

-39099. 

4.654 

(2  sigma) 

— 

— 

— 

1010. 

704. 

0.037 

1050. 

-1625665. 

-1336326. 

66.479 

-36313. 

-39213. 

4.438 

1100. 

-1625315. 

-1322545. 

52.302 

-36989. 

-39323. 

4.242 

1150. 

-1633930. 

-1308474. 

59.433 

-37169. 

-39431. 

4.062 

1200. 

-1633325. 

-1294337. 

56.341 

-37354. 

-39525. 

3.397 

1250. 

-1632711. 

-1280225. 

53.498 

-37546. 

-39612. 

3.745 

(2  sigma) 

--- 

— 

— 

1014. 

752. 

0.031 

1300. 

-1632088. 

-1266138. 

50.874 

-37747. 

-39690. 

3.604 

1350. 

-1631453. 

-1252075. 

48.446 

-87957. 

-39751. 

3.473 

1398.150 

-1630843. 

-1238554. 

46.272 

-33171. 

-39822. 

3.356 

1400. 

-1630819. 

-1238035. 

46.192 

-38179. 

-39324. 

3.351 

1450. 

-1630174. 

-1224019. 

44.094 

-38413. 

-89879. 

3.238 

1500. 

-1629520. 

-1210025. 

42.137 

-33662. 

-39925. 

3.131 

(2  sigma) 

— 

— 

— 

1222. 

355. 

0.030 

1550. 

-1628859. 

-1196052. 

40.307 

-38925. 

-39963. 

3.032 

1600. 

-1628190. 

-1182101. 

38.592 

-89205. 

-39992. 

2.938 

1650. 

-1527514. 

-1168172. 

36.981 

-39501. 

-90012. 

2.350 

1700. 

-1677339. 

-1153812. 

35.452 

-39817. 

-90023. 

2.  766 

1750. 

-lo765u4. 

-1138427. 

33.980 

-90151. 

-90024. 

2.687 

(2  sigma) 

— 

— 

— 

Ib50. 

1020. 

0.030 

1BUU. 

-1628491. 

-1119141. 

32.477 

-905U6. 

-90015. 

2.ol2 

(2  sigma) 

--- 

— 

— 

1757. 

1U62  • 

0.031 
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TdDle  60.  Thermophysicai  values  for  bicchulite,  Ca2Al2Si06(0H)2,  at 

1.01325  bars  (.1  atm).  The  tabulations  are  Cased  on  a fit  of 
the  thermophysicai  and  thennochemical  data  given  in  Section 
1.5.5. 


T Cp  S H-H (298)  [G-H (298)]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

250. 

(2  sigma) 

273.150 

298.150 
(2  sigma) 

300. 

350. 

400. 

450. 

500. 

(2  sigma) 
550. 

600. 

650. 

700. 

750. 

(2  sigma; 
oUU . 

S5U. 

9UU. 

950. 

1000. 

(2  sigma) 
1050. 
1100. 
1150. 
1200. 
1250. 

(2  sigma) 


178.990 

216.623 

230.317 

243.200 

244.086 

265.161 

281.913 

295.582 

306.959 

316.578 

324.813 

331.936 

338.150 

343.608 

348.430 

352.713 

356.531 

359.946 

363.010 

365.765 

368.246 

370.484 

372.504 

374.329 


132.525 

176.750 

19.874 

196.546 

217.285 

19.874 

218.792 

258.066 

294.607 

328.627 

360.376 

19.874 

390.096 

418.004 

444.290 

469.122 

492.642 

19.874 

514.975 

536.229 

556.500 

575.870 

594.412 

19.874 

612.191 

629.265 

645.684 

661.495 

676.739 

19.874 


-21044. 

-11100. 

-5923. 

0. 

451. 

13203. 

26895. 

41344. 

56415. 

72010. 

88050. 

104473. 

121229. 

138275. 

155579. 

173109. 

190842. 

2U8756. 

226831. 

245052. 

263403. 

281872. 

300448. 

319119. 


-237.746 
-221.149 

19.874 
-218.228 
-217.285 

19.874 
-217.289 
-220.343 
-227.369 
-236.752 
-247  . 54  5 

19.874 
-259.168 
-271.253 
-283.563 
-295.938 
-308.276 

19.874 
-320.502 
-332.571 
-344.453 
-356.127 
-367.581 

19.874 
-378.809 
-389.808 
-400.578 
-411.122 
-421.444 

19.874 


103.1788 
103.3663 
1.5404 
103.4538 
103.5478 
1.5335 
103.5548 
103.7427 
103.9307 
104.1187 
104.3066 
1.60  92 
104.4946 
104.6826 
104.8705 
105.0585 
105.2465 
1.9015 
105.4344 
105.6224 
105.8104 
105.9983 
106.1863 
2.3348 
106.3743 
106.5622 
106.7502 
106.9381 
107.1261 
2.8454 
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Table  67.  Thermochemical  properties  of  bicchul ite,  Ca?Al?SiOfi(OH)?,  at 
1.01325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

1 og  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-4332877. 

-4158124. 

1085.990 

-190320. 

-189775. 

49.564 

250. 

-4335695. 

-4114080. 

859.589 

-192795. 

-189342. 

39.561 

(2  sigma) 

— 

— 

— 

18768. 

13855. 

2.895 

273.150 

-4336559. 

-4093517. 

782.805 

-193805. 

-188976. 

36.138 

298.150 

-4337238. 

-4071241. 

713.264 

-194835. 

-188488. 

33.022 

(2  sigma) 

— 

— 

— 

18768. 

12913. 

2.262 

3UJ. 

-4337279. 

-4069690. 

708.578 

-194909. 

-188449. 

32.812 

350. 

-4337955. 

-4024911. 

600.635 

-196836. 

-187218. 

27.941 

40U. 

-4337956. 

-3980184. 

519.753 

-238395. 

-182818. 

23.874 

450. 

-4337454. 

-3y35488, 

456.819 

-238041. 

-175891. 

20.417 

50o. 

-4336582. 

-3890869. 

406.476 

-237617. 

-169007. 

17.o56 

(2  sigma) 

— - 

— 

— 

18768. 

900  2. 

0.940 

550. 

-4335444. 

-3846351. 

365.296 

-237141. 

-162169. 

15.402 

600. 

-4334125. 

-380  1 945. 

330.988 

-236629. 

-155376. 

13.527 

650. 

-4332695. 

-3757654. 

301.969 

-236095. 

-148626. 

11.944 

700. 

-4331215. 

-3713476. 

277.103 

-235551. 

-141918. 

10.590 

750. 

-4331407. 

-3669330. 

255.555 

-235007. 

-135249. 

9.420 

(2  sigma) 

— - 

— 

— 

18768. 

4416. 

0.308 

800. 

-4329755. 

-3625246. 

236.704 

-234472. 

-1286  1 6. 

8.398 

850. 

-4328254. 

-3581261. 

220.077 

-234667. 

-122011. 

7.498 

900. 

-4326933. 

-3537359. 

205.303 

-233753. 

-115410. 

6.698 

950. 

-4347075. 

-3492878. 

192.052 

-232806. 

-108862. 

5.986 

1000. 

-4345914. 

-3447951. 

180.102 

-231834. 

-102363. 

5.347 

(2  sigma) 

— - 



— 

18768. 

2708. 

0.141 

1050. 

-4344881. 

-3403079. 

169.294 

-230847. 

-95914. 

4.771 

1100. 

-4343988. 

-3358253. 

159.470 

-229852. 

-39512. 

4.251 

1150. 

-4358989. 

-3312903. 

150.477 

-228857. 

-83155. 

3.777 

1200. 

-4356518. 

-3267474. 

142.229 

-227867. 

-76841. 

3.345 

1250. 

-4354006. 

-3222149. 

134.646 

-226890. 

-70569. 

2.949 

(2  sigma) 

— 

— “ 

18768. 

6674. 

0.279 
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Table  68.  Thermophysical  values  for  gehlenite,  Ca^Al-SiO,,  at  1.01325 
bars  (1  atm).  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H (298)  [G-H(298)]/T  -V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cm/mol 


200. 

157.139 

250. 

184.553 

(2  sigma) 

0.533 

273.150 

195.130 

298.150 

205.390 

(2  sigma) 

0.601 

3u0. 

206.098 

350. 

223.057 

40U. 

235.587 

450. 

247.494 

500. 

256.399 

(2  sigma) 

1.099 

550. 

. 263.749 

600. 

269.877 

650. 

275.035 

700. 

279.418 

750. 

283.178 

(2  sigma) 

1.196 

BOO. 

286.438 

850. 

289.294 

900. 

291.826 

950. 

294.099 

1000. 

296.169 

(2  sigma) 

1.981 

1050. 

298.080 

1100. 

299.371 

1150. 

301.576 

1200. 

303.222 

1250. 

304.834 

(2  sigma) 

1.933 

1300. 

306.433 

1350. 

303.038 

1400. 

309.665 

1450. 

311.328 

1 3U0  • 

313.040 

(2  sigma) 

4.049 

1550. 

314.812 

lbuO. 

31 5. 654 

1650. 

318.575 

1700. 

320.584 

1750. 

322.687 

(2  sigma) 

10.352 

1800. 

324.891 

(2  sigma) 

12.039 

137.516 

-17976 

175.645 

-9407 

1.024 

27 

192.461 

-5010 

210.004 

0, 

1.019 

0, 

211.276 

381 

244.372 

11126, 

275.074 

22630. 

303.592 

34742, 

330.144 

47346, 

1.100 

169, 

354.937 

60356, 

378.157 

73701. 

399.968 

87327, 

420.515 

101191 

439.924 

115259, 

1.235 

359 

458.307 

129501 

475.760 

143896 

492.368 

158425, 

508.208 

173074 

523.347 

187831 

1.284 

538, 

537.844 

202688 

551.752 

217637 

565.120 

232674 

577.990 

247794 

590.401 

262995 

1.360 

339 

602.388 

278277 

613.983 

293639 

625.215 

309081 

636.110 

324606, 

64b. 693 

340215 

1.373 

1006, 

656.987 

356911 

667.010 

371697 

676.783 

387578 

686.323 

403556 

695.647 

419638 

1.659 

1970 

704.768 

435827 

1.341 

2434 

-227.398 

90.0044 

-213.274 

90.1287 

1.019 

0.2395 

-210.802 

90.1863 

-210.004 

90.2485 

1.019 

0.2312 

-210.008 

90.2531 

-212.582 

90.3774 

-218.499 

90.5017 

-226.388 

90.6260 

-235.452 

90.7503 

1.022 

0.3329 

-245.200 

90.8747 

-255.323 

90.9990 

-265.619 

91.1233 

-275.956 

91.2476 

-286.246 

91.3719 

1.047 

0.5892 

-296.431 

91.4963 

-306.471 

91.6206 

-316.341 

91.7449 

-326.025 

91.8692 

-335.516 

91.9935 

1.075 

0.8753 

-344.808 

92.1179 

-353.900 

92.2422 

-362.795 

92.3665 

-371.495 

92.4908 

-380.004 

92.6151 

1.096 

1.1696 

-388.328 

92.7395 

-396.472 

92.3638 

-404.442 

92.9881 

-412. 244 

93.1124 

-419.883 

93.2367 

1.112 

1.4672 

-427.367 

93.3611 

-434.699 

93.4854 

-441.888 

93.6097 

-448.937 

93.7340 

-455.854 

93.3583 

1.125 

1.7664 

-462.642 

93.9827 

1.128 

1.3263 
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Table  69.  Thermochemical  properties  of  gehlenite,  Ca^Al-SiO-.,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  tnermochemical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K. 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-3980020. 

-3849503. 

1005.386 

-722656. 

-735417. 

192.071 

250. 

-3982126. 

-3816609. 

797.436 

-720692. 

-738836. 

154.371 

(2  sigma) 

— 

— 

— 

2537. 

2422. 

0.506 

273. 15U 

-3982778. 

-3801252. 

726.915 

-719792. 

-740557. 

141.617 

298.150 

-3983286. 

-3784613. 

663.048 

-718812. 

-742501. 

130.083 

(2  sigma) 

— 

— 

2538. 

2403. 

0.421 

300. 

-3983317. 

-3783380. 

658.745 

-718739. 

-742648. 

129.306 

350. 

-3983810. 

-3750010. 

559.658 

-716736. 

-746790. 

111.452 

400. 

-3983787. 

-3716607. 

485.339 

-714681. 

-751223. 

98.100 

450. 

-3983397. 

-3683230. 

427.538 

-712587. 

-755916. 

87.744 

500. 

-3982753. 

-3649910. 

381.303 

-710470. 

-760844. 

79.485 

(2  sigma) 

— . 

— 

— 

2568. 

2324. 

0.243 

550. 

-3981950. 

-3616664. 

343.482 

-708345. 

-765984. 

72.747 

600. 

-3981064. 

-3583495. 

311.971 

-706225. 

-771318. 

67.149 

650. 

-3980156. 

-3550401. 

285.314 

-704122. 

-776328. 

62.427 

700. 

-3979280. 

-3517376. 

262.470 

-702044. 

-782499. 

58.391 

750. 

-3980151. 

-3484338. 

242.671 

-699997. 

-788317. 

54.903 

(2  sigma) 

— 

— 

— 

2627. 

2236. 

0.156 

800. 

-3979245. 

-3451315. 

225.348 

-697989. 

-794271. 

51.361 

350. 

-3978552. 

-3418342. 

210.066 

-131830. 

-159923. 

9.328 

900. 

-3978092. 

-3385403. 

196.484 

-132136. 

-161567. 

9.377 

950. 

-3999141. 

-3351835. 

184.297 

-132438. 

-163194. 

8.973 

1000. 

-3998926. 

-3317773. 

173.303 

-132737. 

-164805. 

8.608 

(2  sigma) 

— 

— 

— 

2671. 

2174. 

0.114 

1050. 

-3998870. 

-3283717. 

163.356 

-133035. 

-166401. 

3.278 

1100. 

-3998977. 

-3249660. 

154.313 

-133333. 

-167982. 

7.977 

1150. 

-4014993. 

-3215034. 

146.031 

-133631. 

-169551. 

7.701 

1200. 

-4013546. 

-3180284. 

138.434 

-133927. 

-171106. 

7.448 

1250. 

-4012058. 

-3145895. 

131.447 

-134221. 

-172649. 

7.215 

(2  sigma) 

— 

— 

— 

2730. 

2152. 

0.090 

13UU. 

-4010527. 

-3110967. 

125. 000 

-134510. 

-174181. 

6.999 

1350. 

-4008949. 

-3076398. 

119.033 

-134793. 

-175701. 

6.798 

1400. 

-4007323. 

-3041889. 

113.494 

-135068. 

-177211. 

6.612 

1450. 

-4005644. 

-3007439. 

108.340 

-135332. 

-178711. 

6.433 

1500. 

-4003907. 

-2973047. 

103.531 

-135581. 

-180203. 

6.275 

(2  sigma) 

— 

— 

— 

2753. 

2182. 

0.076 

1550. 

-4002108. 

-2938715. 

99.034 

-135814. 

-181686. 

6.123 

1600. 

-4000240. 

-2904441. 

94.320 

-136025. 

-183163. 

5.980 

1550. 

-3998298. 

-2870227. 

90.864 

-136212. 

-184633. 

5.345 

1700. 

-4046784. 

-2835624. 

37.128 

-136371. 

-186098. 

5.718 

1750. 

-4044531. 

-2800034. 

83.576 

-136498. 

-187558. 

5.598 

(2  sigma) 

— 

— 

— 

3209. 

2259. 

0.067 

1800. 

-4347847. 

-2756663. 

79.996 

-136589. 

-189016. 

5.485 

(2  sigma) 

— 

— — 

3511. 

2231. 

0. 066 
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Table  70. 


Thermophysical  values  for  prehnite,  CaJU?Si.,Q,n(QH)?,  al 
1.01325  bars  (1  atm).  The  tabul ations  are  based  on  a f i 1 


at 

fit  of 

the  thermophysical  and  thermochemical  data  given  in  Section 
1.5.5. 


T Cp  S H-H (298)  [G-H (298)]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

250. 

(2  sigma) 

273.150 

298.150 
(2  sigma) 

300. 

350. 

400. 

450. 

500. 

(2  siyina) 
5bo. 

600. 

650. 

700. 

750. 

(2  sigma) 
800. 

850. 

900. 

950. 

1000. 

(2  sigma) 

1050. 

1100. 

1150. 

1200. 

1250. 

(2  sigma) 


244.310 

293.554 

0.346 

312.686 

331.165 

0.414 

332.451 

363.534 

388.759 

409.525 

426.825 

2.111 

441.379 

453.721 

464.249 

473.272 

481.029 

2.968 

487.712 

493.472 
498.434 
502.701 
506.356 

3.975 

509.472 
512.109 
514.316 
516.140 
517.616 

6.144 


177.684 

237.707 

0.755 

264.555 
292.751 

0.753 

294.804 

348.472 

398.718 

445.744 

489.314 

0.975 

531.197 

570.146 

606.890 

641.633 

674. 556 
1.793 

705.820 

735.564 

763.915 

790.981 

816.861 

2.544 

841.644 

865.407 

888.222 

910.151 

931.251 

3.246 


-2856  9. 
-15074. 
16. 
-8053. 
0. 
0. 
614. 
18041. 
36870. 
56843. 
77765. 

259. 

99480. 

121866. 

144822. 

168266. 

192128. 

892. 

216351. 

240884. 

265685. 

290716. 

315945. 

1627. 

341342. 

366884. 

392546. 

418309. 

444154. 

2584. 


-320.529 

-298.002 

0.753 

-294.035 

-292.751 

0.753 

-292.757 

-296.925 

-306.543 

-319.426 

-334.285 

0.760 

-350.324 

-367.036 

-384.086 

-401.253 

-418.386 

0.874 

-435.381 

-452.172 

-468.709 

-484.964 

-500.917 

1.125 

-516.556 

-531.876 

-546.877 

-561.560 

-575.928 

1.419 


139.9306 

140.1868 

1.6079 

140.3054 

140.4334 

1.5934 

140.4429 

140.6991 

140.9553 

141.2114 

141.4676 

1.6296 

141.7238 

141.9799 

142.2361 

142.4923 

142.7484 

1.8704 

143.0046 

143.2608 

143.5170 

143.7731 

144.0293 

2.2614 

144.2855 

144.5416 

144.7978 

145.0540 

145.3101 

2.7389 
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Table  71.  Thermochemical  properties  of  prehnite,  Ca2Al,Si-0in(0H),,,  at 
1.01325  bars  (1  atm).  Columns  2 through  4 giveJtrie 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

2UU. 

-6190713. 

-5942974. 

1552.144 

-228397. 

-226474. 

59.149 

250. 

-6194593. 

-5880553. 

1228.673 

-230945. 

-225690. 

47.155 

(2  sigma) 

— 

— 

— 

1882. 

1834. 

0.383 

273.150 

-6195829. 

-5861415. 

1118.969 

-232004. 

-225155. 

43.057 

298. 15U 

-6196820. 

-5819846. 

1019.612 

-233078. 

-224480. 

39.328 

(2  sigma) 

— 

— 

— 

1882. 

1827. 

0.320 

3UU. 

-6196881. 

-5817507. 

1012.917 

-233154. 

-224427. 

39.076 

350. 

-6197907. 

-5754181. 

858.764 

-235126. 

-222814. 

33.253 

400. 

-6197949. 

-5690779. 

743.139 

-276678. 

-218029. 

28.472 

450. 

-6197231. 

-5627419. 

653.213 

-276282. 

-210720. 

24.460 

500. 

-6195931. 

-5564171. 

581.285 

-275805. 

-203461. 

21.255 

(2  sigma) 

- 

— 

— 

1945. 

1796. 

0.188 

550. 

-6  1 941  95. 

-5501076. 

522.448 

-275291. 

-196251. 

18.638 

600. 

-6192143. 

-5438154. 

473.433 

-274776. 

-189088. 

16.462 

650. 

-6189874. 

-5375412. 

431.973 

-274293. 

-181  968. 

14.623 

700. 

-6187473. 

-5312851. 

396.450 

-273873. 

-174882. 

13.050 

750. 

-6186684. 

-5250391. 

365.669 

-273541. 

-167823. 

11.688 

(2  sigma) 

— 

— 

— 

2220. 

1763. 

G.  123 

800. 

-6184010. 

-5138059. 

338.745 

-2  73  3 1 9. 

-160783. 

10.498 

850. 

-6181461. 

-5125891. 

314.999 

-275365. 

-153738. 

9.448 

900. 

-6179080. 

-5063868. 

293.899 

-274152. 

-146613. 

8.509 

950. 

-6198162. 

-5001325. 

274.992 

-272907. 

-139566. 

7.674 

1000. 

-6195951. 

-4938391. 

257.955 

-271652. 

-132581. 

6.925 

(2  sigma) 

— 

- 

— 

2675. 

1843. 

0.096 

1050. 

-6193889. 

-4875565. 

242.546 

-270408. 

-125658. 

6.251 

1100. 

-6  1 91  993. 

-4812833. 

228.542 

-269194. 

-118794. 

5.641 

1150. 

-6206026. 

-4749622. 

215.734 

-268026. 

-111984. 

5.086 

1200. 

-O202629. 

-4686373. 

203.992 

-266920. 

-105223. 

4.580 

125o. 

-0199237. 

-4623265. 

193.196 

-265891. 

-98507. 

4.116 

(2  sigma) 

— * 

— * 

3369. 

2159. 

0.090 
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Table  72. 


Thermophysical  values  for  zoisite,  Ca-Al ,$i ,0,,(0H) » at  1.01325 
bars  (1  atm).  The  tabulations  are  basecron  a^rit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H (298)  [G-H(298)]/T  ,V 

K J/(mo1  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

250. 

(2  siyma) 
273.150 
298. 15U 
(2  siyma) 
3UU. 

350. 

400. 

450. 

500. 

(2  sigma) 
550. 

600. 

650. 

700. 

750. 

(2  sigma) 
800. 

850. 

900. 

950. 

1000. 

(2  sigma) 
1050. 
1100. 
1150. 
1200. 
1250. 

(2  sigma) 


253.187 
308. lbb 
0.3b7 
329.509 
349. OUO 
0.439 
351.219 
385.421 
413.084 
435.800 
454.690 
2.227 
470.559 
483.996 
495.447 
505.249 
513.668 
3.189 
520.912 
527.149 
532.515 
537.123 
541.065 
4.767 
544.419 
547.251 
549.616 
551.562 
553.131 
7.762 


175.254 
237.915 
0.760 
266.151 
295.896 
U.  757 
298.064 
354.870 
408.204 
458.212 
505.136 
0.989 
549.238 
590.774 
629.978 
667.063 
702.216 
1.846 
735.604 
767.376 
797.663 
826.581 
854.235 
2.657 
380.717 
906.111 
930.491 
953.925 
976.474 
3.538 


-29971. 

-15879. 

17. 

-8495. 

0. 

0. 

648. 

19096. 

39082. 

60322. 

82598. 

275. 

105741. 

129614. 

154107. 

179131. 

204609. 

936. 

230478. 

256684. 

283179. 

309923. 

336880. 

1743. 

364019. 

391313. 

413737. 

446268. 

473886. 

2956. 


-325.110 

-301.433 

0.757 

-297.251 

-295.896 

0.757 

-295.902 

-300.310 

-310.499 

-324.163 

-339.939 

0.762 

-356.982 

-374.751 

-392.890 

-411.161 

-429.404 

0.378 

-447.506 

-465.395 

-483.020 

-500.347 

-517.355 

1.139 

-534.032 

-550.372 

-566.372 

-582.035 

-597.364 

1.455 


136.2311 
136.4800 
1.0162 
136.5953 
136.7198 
0.9945 
136.7290 
136.9779 
137.2268 
137.4757 
137.7246 
1.0239 
137.9736 
138.2225 
138.4714 
138.7203 
138. 9692 
1.2899 
139.2182 
139.4671 
139.7160 
139.9649 
140.2138 
1.6967 
140.4628 
140.7117 
140.9606 
141.2095 
141.4584 
2.1664 
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Table  73.  Thermochemical  properties  of  zoisite,  Ca?AKSi  ,01? (OH) , at 
1.01325  bars  (1  atm).  Columns  2 through^  give  tne 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-6887201. 

-6627753. 

1730.992 

-232827. 

-231804. 

60.541 

250. 

-6891657. 

-6562340. 

1371.125 

-234269. 

-231379. 

48.344 

(2  siama) 

— 

— 

— 

2249. 

2201. 

0.460 

273.150 

-6893086. 

-6531778. 

1249.075 

-234896. 

-231083. 

44.190 

298.150 

-6894244. 

-6498655. 

1138.537 

-235536. 

-230706. 

40.419 

(2  sigma) 

— 

— 

— 

22  50. 

2193. 

0.384 

300. 

-6894316. 

-6496200. 

1131.088 

-235582. 

-230676. 

40.164 

350. 

-6895573. 

-6429731. 

959.584 

-236758. 

-229763. 

34.290 

400. 

-6895747. 

-6363159. 

830.943 

-257693. 

-227240. 

29.674 

450. 

-6895090. 

-62  9661  7. 

730.392 

-257630. 

-223436. 

25.936 

500. 

-6893  801. 

-6230185. 

650.862 

-257513. 

-219643. 

22.946 

(2  sigma) 

— - 

— 

2343. 

2152. 

0.225 

550. 

-6892043. 

-6  1 63  905. 

585.398 

-257375. 

-215863. 

20.501 

600. 

-6839947. 

-6097801. 

530.860 

-257249. 

-212094. 

18.464 

650. 

-6887626. 

-6031881. 

484.728 

-257161. 

-208336. 

16.742 

700. 

-6885173. 

-5966146. 

445.199 

-257139. 

-204581. 

15.266 

750. 

-6884341. 

-5900516. 

410.948 

-257204. 

-200825. 

13.987 

(2  sigma) 

— 

— 

— 

2677. 

2067. 

0.144 

800. 

-6881o41. 

-583501b. 

36U.987 

-257377. 

-197062. 

12.867 

8bU. 

-687y0a9. 

-5769661. 

354.561 

-259813. 

-193268. 

11.877 

you. 

-o87o737. 

-57U4491. 

331.080 

-256986. 

-189377. 

10.991 

95U. 

-6  90  6 513. 

-5638454. 

31U.024 

-258121. 

-185533. 

10.201 

luuu. 

-6904273. 

-5571772. 

291.039 

-257240. 

-181736. 

9.493 

(2  sigma) 

— 

— 

— 

3187. 

2046. 

0.107 

1050. 

-6902171. 

-5505200. 

273.869 

-256364. 

-177982. 

3.354 

1100. 

-6900226. 

-5438724. 

258.263 

-255511. 

-174270. 

3.275 

1150. 

-6914201. 

-5371771. 

243.993 

-254699. 

-170595. 

7.749 

1200. 

-6910739. 

-5304733. 

230.911 

-253943. 

-166955. 

7.267 

1250. 

-6907277. 

-5237940. 

213.881 

-253259. 

-163345. 

6.326 

(2  sigma) 

"■ ' 

— 

4036. 

2253. 

0.094 
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Table  74.  Thermophysical  values  for  stable  phases  with  the  composition 
Ca,,SiO.  at  1 . 01325  bars  (1  atm).  The  tabulations  are  based  on 
a fit  3f  the  thermophysical  and  thermochemical  data  given  in 
Section  l.b.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298 ) 
J/mol 

[G-H(298)J/T 
J/(mol  K) 

3v 

cm  /mol 

200. 

97.496 

Ca-ol ivine 
75.402 

-11176. 

-131.282 

58.9137 

250. 

115.197 

99.254 

-5815. 

-122.515 

59.0137 

(2  sigma) 

0.307 

2.153 

17. 

2.152 

0.9342 

273.150 

120.737 

109.706 

-3082. 

-120.989 

59.0600 

298.150 

125.690 

120.499 

0. 

-120.499 

59.1100 

(2  sigma) 

0.407 

2.152 

0. 

2.152 

0.9260 

300. 

126.025 

121.278 

233. 

-120.502 

59.1137 

350. 

133.898 

141.321 

6739. 

-122.067 

59.2137 

400. 

140.297 

159.630 

13598. 

-125.634 

59.3137 

450. 

145.851 

176.482 

20755. 

-130.360 

59.4137 

500. 

150.346 

192.112 

28174. 

-135.763 

59.5137 

(2  sigma) 

• 0.526 

2.162 

82. 

2.153 

1.0616 

550. 

. 155.417 

206.706 

35833. 

-141.556 

59.6137 

600. 

159.629 

220.413 

43710. 

-147.562 

59.7137 

650. 

163.510 

233.345 

51790. 

-153.668 

59.3137 

700. 

167.074 

245.595 

60056. 

-159.801 

59.9137 

750. 

170.322 

257.234 

68492. 

-165.912 

60.0137 

(2  sigma) 

0.433 

2.182 

185. 

2.156 

1.4860 

800. 

173.251 

268.322 

77083. 

-171.968 

60.1137 

850. 

175.859 

278.905 

85812. 

-177.950 

50.2137 

900. 

178.138 

289.023 

94563. 

-183.842 

60.3137 

950. 

180 . 084 

298.708 

103620. 

-189.634 

60.4137 

970. 

18U.767 

302.467 

107229. 

-191.922  ' 

50.4537 

1000. 

181.090 

307.987 

112666. 

-195.322 

60.5137 

(2  sigma) 

1.428 

2.172 

158. 

2.159 

2.0289 

1050. 

182.952 

316.884 

121783. 

-200.900 

60.6137 

1100. 

183.864 

325.417 

130955. 

-206.367 

60.7137 

1120. 

184.130 

328.733 

134635. 

-208.523 

60.7537 

1120. 

185.297 

bredigite 

341.377 

148797. 

-208.523 

53.5615 

1150. 

186.587 

346.292 

154375. 

-212.053 

53.6185 

1200. 

188.814 

354.280 

163759. 

-217.813 

53.7135 

1250. 

191.135 

362.034 

173258. 

-223.428 

53.8085 

(2  sigma) 

2.241 

1.488 

2941. 

1.941 

2.8942 

1300. 

193.551 

369.577 

132875. 

-228  . 905 

53.9035 

1350. 

196.062 

376.929 

192614. 

-234.251 

53.9985 

1400. 

198.668 

384.106 

202482. 

-239.476 

54.0935 

1450. 

201.368 

391.124 

212483. 

-244.584 

54.1885 

1500. 

204.163 

397.998 

222621. 

-249.584 

54.2835 

(2  sigma) 

6.096 

1.486 

2960. 

1.555 

3.4552 

1550. 

207.053 

404.739 

232901. 

-254.481 

54.3785 

1600. 

210.037 

411.360 

243328. 

-259.280 

54.4735 

1650. 

213.117 

417.870 

253906. 

-263.987 

54.5685 

1700. 

216.291 

424.279 

264  641. 

-268.608 

54.6635 

1710. 

216.937 

425.549 

266807. 

-269.522 

54.6825 

1710. 

199. oUO 

al  pha-Ca..SiO, 
433. 962^ 

281193. 

-269.522 

54.9805 

1750. 

199.600 

438.577 

289177. 

-273.333 

55.0565 

[Z  sigma) 

35.790 

1.5U6 

3100. 

1.474 

3.7697 

1800. 

199.  oUO  ■' 

444.200 

299157. 

-278.002 

55.1515 

(2  sigma) 

35.790 

1.735 

3471. 

1.446 

3.8972 

190 


Table  75.  Thennochemical  properties  of  stable  phases  with  the  composition 
Ca,,3i0.  at  1. U13kl5  bars  (1  atm).  Columns  2 through  4 give  the 
thennochemical  values  relative  to  the  elements;  columns  5 
tnrouyh  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

Ca-ol ivine 

200. 

-2316298. 

-2239033. 

584.775 

-136444. 

-137183. 

35.328 

250. 

-2317181. 

-2219600. 

463.760 

-136541. 

-137356. 

28.699 

(2  sigma) 



— 

— 

2563. 

2065. 

0.432 

273.150 

-2317393. 

-2210554. 

422.725 

-136595. 

-137429. 

26.281 

298.150 

-2317527. 

-2200769. 

385.565 

-136670. 

-137502. 

24.090 

(2  sigma) 

--- 

— 

2563. 

1972. 

0.345 

300. 

-2317534. 

-2200044. 

383.062 

-136676. 

-137508. 

23.942 

350. 

-2317574. 

-2180456. 

325.415 

-136880. 

-137631. 

20.540 

400. 

-2317406. 

-2160877. 

282.181 

-137140. 

-137721. 

17.984 

450. 

-2317089. 

-2141329. 

248.559 

-137433. 

-137776. 

15.993 

500. 

-2316660. 

-2121822. 

221.665 

-137743. 

-137798. 

14.396 

(2  sigma) 

— 

- — 

— 

2570. 

1592. 

0.166 

550. 

-2316149. 

-2102363. 

199.666 

-138053. 

-137788. 

13.086 

600. 

-2315580. 

-2082952. 

181.337 

-138355. 

-137751. 

11.992 

650. 

-2314974. 

-2063591. 

165.832 

-138645. 

-137688. 

11.065 

7UU. 

-2314353. 

-2044277. 

152.546 

-138921. 

-137604. 

10.268 

750. 

-2315409. 

-2U24934. 

141.029 

-139184. 

-137501. 

9.576 

(2  sigma) 

— 

— 

— 

2583. 

1169. 

0.081 

800. 

-2314bUO. 

-2005597. 

130.952 

-139440. 

-137380. 

3.970 

850. 

-2313904. 

-1986306. 

122.063 

-140408. 

-137239. 

3.434 

900. 

-2313335. 

-1967052. 

114.165 

-140248. 

-137057. 

7.955 

950. 

-2312905. 

-1947827. 

107.099 

-140040. 

-136885. 

7.526 

970. 

-2312775. 

-1940142. 

104.477 

-139947. 

-136819. 

7.368 

1000. 

-2312629. 

-1928620. 

100.741 

-139800. 

-136725. 

7.142 

(2  sigma) 

— 

— - 

— 

2576. 

888. 

0.046 

1050. 

-2312522. 

-1909423. 

94.989 

-139540. 

-136577. 

6.794 

1100. 

-2312599. 

-1890227. 

89.759 

-139278. 

-136442. 

6.479 

1120. 

-2329460. 

-1882425. 

37.793 

-139177. 

-136392. 

6.361 

bredigite 

1120. 

-2315299. 

-1882425. 

87.793 

-125015. 

-136392. 

6.361 

1150. 

-2314408. 

-1370842. 

84.976 

-124819. 

-136699. 

6.209 

1200. 

-2312857. 

-1851589. 

80.598 

-124444. 

-137223. 

5.973 

1250. 

-2311218. 

-1832403. 

76.572 

-124005. 

-137765. 

5.757 

(2  sigma) 



— 

— 

1590. 

933. 

0.039 

1300. 

-2309485. 

-1813284. 

72.359 

-123494. 

-138325. 

5.553 

1350. 

-2307651. 

-1794234. 

69.423 

-122909. 

-138906. 

5.375 

1400. 

-2305710. 

-1775254. 

66.235 

-122242. 

-139511. 

5.205 

1450. 

-2303656. 

-1756345. 

63.270 

-121490. 

-140140. 

5.048 

1500. 

-2301482. 

-1737509. 

60.505 

-120643. 

-140798. 

4.903 

(2  sigma) 

— 

— 

- — 

1633. 

1163. 

0.041 

15o0. 

-2299182. 

-1718747. 

57.921 

-119711. 

-141484. 

4.768 

loOO. 

-229o 7 50. 

-1700G62. 

55.501 

-118674. 

-142203. 

4.642 

Io50. 

-2294  1 80. 

-1081455. 

53.230 

-117534. 

-142950. 

4.526 

17uO. 

-2341975. 

-1662478. 

51.U62 

-116285. 

-143744. 

4.417 

1710. 

-a341380. 

-1658483. 

50.o61 

-116022. 

-143907. 

4.396 

al  pna- 

•03,510! 

1710. 

-2327000. 

-1653483. 

oO.ool 

-101635. 

-143907. 

4.396 

1750. 

-2325327. 

-1642864. 

49.037 

-101283. 

-144900. 

4.325 

(2  sigma) 

— 

— 

— 

1877. 

1440. 

0.043 

1800. 

-2628909. 

-1615547. 

46.882 

-100885. 

-146152. 

4.241 

(2  sigma) 

— * 

2441. 

1495. 

0.0*3 
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Taole  7b.  Thermophysical  values  for  al pha-Ca~SiQ.  at  1.01325  bars  (1 

atm).  The  tabulations  are  based  on  a fit  of  the  thermophysical 
and  tnermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

[G-H(298)]/T 
J/(mol  K) 

3v 

cm  /mol 

200.000 

199.600 

5.634 

-20203. 

-106.649 

52.1115 

250.000 

199.600 

50.174 

-10223. 

-91.065 

52.2065 

(2  sigma) 

35.790 

69.796 

53989. 

146.275 

0.5291 

273.150 

199.600 

67.850 

-5602. 

-88.360 

52.2505 

298.150 

199.600 

85.331 

-612. 

-87.384 

52.2980 

(2  sigma) 

35.790 

63.493 

52268. 

111.933 

0.5144 

300.000 

199.600 

86.565 

-243. 

-87.375 

52.3015 

350.000 

199.600 

117.334 

9737. 

-89.513 

52.3965 

400.000 

199.600 

143.987 

19717. 

-94.694 

52.4915 

450.000 

199.600 

167.496 

29697. 

-101.502 

52.5865 

500.000 

199.600 

188.526 

39677. 

-109.172 

52.6815 

(2  sigma) 

35.790 

44.997 

45059. 

45.258 

0.7309 

550.000 

199.600 

207.550 

49657. 

-117.264. 

52.7765 

600.000 

199.600 

224.917 

59637. 

-125.522 

52.8715 

650.000 

-199.600 

240.394 

69617. 

-133.791 

52.9665 

700.000 

199.600 

255.686 

79597. 

-141.976 

53.0615 

750.000 

199.600 

269.457 

39577. 

-150.021 

53.1565 

(2  sigma) 

35.790 

3U.497 

36138. 

17.879 

1.2710 

dOQ.OOO 

199.600 

232.339 

99557. 

-157.892 

53.2515 

dbO.uOO 

199. oOO 

294.439 

109537. 

-165.572 

53.3465 

90U.U00 

199. 6UO 

305.648 

119517. 

-173.051 

53.4415 

960.UUU 

199.600 

316.640 

129497. 

-180.327 

53.5365 

970.000 

199.600 

320.799 

133489. 

-183.181 

53.5745 

1000. 000 

199.600 

326.878 

139477. 

-187.401 

53.6315 

(2  sigma) 

35.790 

20.220 

27234. 

7.330 

1.8772 

1050.000 

199.600 

336.617 

149457. 

-194.277 

53.7265 

1100.000 

199.600 

345.902 

159437. 

-200.959 

53.8215 

1120.000 

199.600 

349.499 

163429. 

-203.580 

53.8595 

1150.000 

199.600 

354.775 

169417. 

-207.455 

53.9165 

1200.000 

199.600 

363.270 

179397. 

-213.772 

54.0115 

1250.000 

199.600 

371.418 

189377. 

-219.916 

54.1065 

(2  sigma) 

35.790 

12.270 

18372. 

3.038 

2.5018 

1300.000 

199.600 

379.246 

199357. 

-225.394 

54.2015 

1350.000 

199.600 

386.779 

209337. 

-231.715 

54.2965 

1400.000 

199.600 

394.038 

219317. 

-237.383 

54.3915 

1450.000 

199.600 

401.042 

229297. 

-242.906 

54.4865 

1500.000 

199.600 

407.309 

239277. 

-248.291 

54.5315 

(2  sigma) 

35.790 

5.848 

9670. 

1.725 

3.1339 

1550.000 

199.600 

414.354 

249257. 

-253.543 

54.67  65 

1600.000 

199.500 

420.691 

259237. 

-258.668 

54.7715 

1650.000 

199.600 

426.333 

269217. 

-263.671 

54.8665 

1700.000 

199.600 

432.792 

279197. 

-268.558 

54.9615 

1710. OUU 

199.600 

433.962 

231193. 

-269.522 

54.9805 

175G.UUU 

199.600 

433.577 

289177. 

-273.333 

55.0565 

(2  sigma) 

35.79U 

1.306 

3100. 

1.474 

3.7697 

lauu.uuu 

199. 6U0 

444.200 

299157. 

-278. U02 

55. 1515 

(2  sigma) 

35.790 

1.735 

3471. 

1.446 

3.6972 
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Table  77.  Thermochanical  properties  of  al pha-Ca-SiO^  at  1.01325  bars  (1 
atm).  Columns  2 through  4 give  the  tnermdchemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

1500. 

-2284326. 

-1735569. 

60.438 

-103992. 

-138858. 

4.835 

(2  sigma) 

— 

— 

— 

9350. 

1378. 

0.048 

1550. 

-2282826. 

-1717294. 

57.872 

-103355. 

-140031. 

4.719 

1600. 

-2280840. 

-1699082. 

55.469 

-102765. 

-141223. 

4.610 

1650. 

-2278869. 

-1680933. 

53.214 

-102223. 

-142434. 

4.509 

1700. 

-2327418. 

-1662393. 

51.079 

-101729. 

-143660. 

4.414 

1710. 

-2327000. 

-1658483. 

50.661 

-101635. 

-143907. 

4.396 

1750. 

-2325327. 

-1642864. 

49.037 

-101283. 

-144900. 

4.325 

(2  sigma) 

— 

— 

— 

1877. 

1440. 

0.043 

1800. 

-2628909. 

-1615547. 

46.882 

-100885. 

-146152. 

4.241 

(2  signa) 

— 

— 

2441. 

1495. 

0.043 

193 


Taole  78.  Thertnophysical  values  for  bredigite,  Ca-SiO.,  at  1.01325  bars 
(1  atm;.  The  tabulations  are  Dased  on  a fit  of  the 
thennophysical  and  thermochemical  data  given  in  Section  l.S.5. 


T Cp  S H-H (298)  [G-H(298)]/T  -V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cmJ/mol 


200. 

162.284 

250. 

162.711 

(2  sigma) 

14.480 

273.150 

162.940 

298.150 

163.211 

(2  sigma) 

14.242 

300. 

163.232 

350. 

163.848 

400. 

164.558 

450. 

165.364 

500. 

166.264 

(2  sigma) 

12.786 

550. 

167.259 

600. 

• 168.348 

650. 

169.533 

700. 

170.812 

75u. 

172.186 

(2  sigma) 

9.979 

800. 

173.654 

850. 

175.218 

900. 

176.876 

950. 

178.628 

970. 

179.356 

1000. 

180.476 

(2  sigma) 

6.132 

1050. 

182.418 

1100. 

184.455 

1120. 

185.297 

1150. 

186.587 

1200. 

188.814 

1250. 

191.135 

(2  sigma) 

2.241 

1300. 

193.551 

1350. 

196.062 

1400. 

198.668 

1450. 

201.368 

1500. 

204.163 

(2  sigma) 

6.096 

1550. 

207.053 

1600. 

210.037 

1650. 

213.117 

1700. 

216.291 

1710. 

216.937 

17bU. 

219.559 

(2  sigma; 

13.312 

1800. 

222.923 

(2  sigma) 

14.917 

51.598 

-15971 

87.855 

-7846 

16.355 

692 

102.275 

-4077 

116.556 

0, 

14.336 

0, 

117.565 

302 

142.773 

8479 

164.697 

16688 

184.125 

24936 

201.593 

33226 

7.359 

2740 

217.486 

41564. 

232.085 

49954 

245.606 

58400 

258.216 

66  909 

270.047 

75483 

2.893 

5608 

281.20b 

84129. 

291.781 

92850. 

301.842 

101652, 

311.452 

110539 

315.181 

114119 

320.661 

119516, 

1.363 

7633 

329.513 

128588, 

338.046 

137760 

341.377 

141457 

346.292 

147036 

354.280 

156420 

362.034 

165918 

1.488 

8547 

369.577 

175535 

376.929 

185275 

384.106 

195143, 

391.124 

205144. 

397.998 

215281 

1.486 

8109. 

404.739 

225561 

411.360 

235988 

417.870 

246567, 

424.279 

257301, 

425.549 

259468. 

430.595 

268197, 

2.U59 

6203, 

43b. 828 

279259, 

2.342 

5b74 

-131.452 

51.3135 

-119.240 

51.90  85 

14.102 

1.5483 

-117.200 

51.9525 

-116.556 

52.0000 

14.336 

1.5433 

-116.559 

52.0035 

-118.548 

52.0935 

-122.976 

52.1935 

-128.711 

52.2885 

-135.141 

52.3835 

12.776 

1.6283 

-141.915 

52.4785 

-148.329 

52.5735 

-155.760 

52.6635 

-162.633 

52.7635 

-169.403 

52.8585 

10.105 

1.9320 

-176.046 

52.9535 

-182.545 

53.0485 

-188.896 

53.1435 

-195.095 

53.2385 

-197.533 

53.2765 

-201.145 

53.3335 

7.929 

2.3751 

-207.048 

53.4285 

-212.810 

53.5235 

-215.076 

53.5615 

-218.435 

53.6185 

-223.929 

53.7135 

-229.299 

53.8085 

6.327 

2.8942 

-234.550 

53.9035 

-239.688 

53.9985 

-244.718 

54.0935 

-249.646 

54.1885 

-254.477 

54.2835 

5.231 

3.4552 

-259.216 

54.3785 

-263.367 

54.4735 

-263.435 

54.5685 

-272.925 

54.6635 

-273.314 

54.6825 

-277.340 

54.7585 

4.574 

4.U408 

-281.684 

54.8535 

4.490 

4.1599 

194 


Table  79.  Thermochemical  properties  of  bredigite,  Ca2SiO.,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  thermochemical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-2313753. 

-2231728. 

582.867 

-133899. 

-129877. 

33.920 

250. 

-2311873. 

-2211442. 

462.055 

-131232. 

-129198. 

26.994 

(2  sigma) 

— 

— 

- — 

8611. 

444  7. 

0.929 

273.150 

-2311048. 

-2202180. 

421.124 

-130251. 

-129055. 

24.679 

298.150 

-2310188. 

-2192254. 

384.074 

-129331. 

-128987. 

22.598 

(2  sigma) 

- — 

— 

— 

7931. 

3713. 

0.651 

3uu. 

-2310125. 

-2191522. 

381.578 

-129268. 

-128985. 

22.458 

J5U. 

-2308495. 

-2171886. 

324.136 

-127802. 

-12906U. 

19.261 

400. 

-2306977. 

-2152475. 

281.084 

-126711. 

-129318. 

16.887 

450. 

-2305509. 

-2133248. 

247.621 

-125913. 

-129695. 

15.055 

5UQ. 

-2304269. 

-2114172. 

220.866 

-125351. 

-130147. 

13.596 

(2  sigma) 

— 

— - 

— 

5266. 

1729. 

0.181 

550. 

-2303078. 

-2095221. 

198.987 

-124982. 

-130646. 

12.408 

600. 

-2301997. 

-2076373. 

180.764 

-124773. 

-131171. 

11.419 

650. 

-2301024. 

-2057611. 

165.352 

-124695. 

-131708. 

10.584 

700. 

-2300161. 

-2038920. 

152.146 

-124729. 

-132247. 

9.868 

750. 

-2301078. 

-2020214. 

140.700 

-124854. 

-132781. 

9.248 

(2  sigma) 

— 

■ 

— 

2631. 

854. 

0.059 

800. 

-2300215. 

-2001519. 

130.686 

-125055. 

-133303. 

8.704 

850. 

-2299527. 

-1982872. 

121.852 

-126030. 

-133805. 

8.223 

900. 

-2299007. 

-19642  61. 

114.003 

-125920. 

-134266. 

7.793 

950. 

-2298647. 

-1945675. 

106.981 

-125782. 

-134733. 

7.408 

970. 

-2298546. 

-1938245. 

104.375 

-125718. 

-134922. 

7.266 

1000. 

-2298439. 

-1927104. 

100.661 

-125610. 

-135208. 

7.063 

(2  sigma) 

— 

— 

— 

1428. 

300. 

0.042 

1050. 

-2298378. 

-1908539. 

94.945 

-125396. 

-135693. 

6.750 

1100. 

-2298455. 

-1889974. 

89.747 

-125134. 

-136190. 

6.467 

1120. 

-2315299. 

-1882425. 

37.793 

-125015. 

-136392. 

6.361 

1150. 

-2314408. 

-1870842. 

34.976 

-124819. 

-136699. 

6.209 

1200. 

-2312857. 

-1851589. 

80.598 

-124444. 

-137223. 

5.973 

1250. 

-2311218. 

-1832403. 

76.572 

-124005. 

-137765. 

5.757 

(2  sigma) 

— 

— 

— 

1590. 

933. 

Q.U39 

1300. 

-2309485. 

-1813284. 

72.859 

-123494. 

-138325. 

5.558 

1350. 

-2307o51. 

-1794234. 

69.423 

-122909. 

-138906. 

5.375 

1400. 

-83U571U. 

-1775254. 

o6.235 

-122242. 

-139511. 

5.205 

145u. 

-2308650. 

-1 75o34b. 

63.270 

-121490. 

-140140. 

5.043 

1500. 

-2301482. 

-1737509. 

60.505 

-120648. 

-140798. 

4.903 

(2  sigma) 

— 

— 

— 

1633. 

1168. 

0.041 

1550. 

-2299182. 

-1713747. 

57.921 

-119711. 

-141484. 

4.768 

1600. 

-2296750. 

-1700062. 

55.501 

-118674. 

-142203. 

4.642 

1650. 

-2294130. 

-1681455. 

53.230 

-117534. 

-142956. 

4.526 

1700. 

-2341975. 

-1662478. 

51 . 082 

-116285. 

-143744. 

4.417 

1710. 

-2341386. 

-1658483. 

50.661 

-116022. 

-143907. 

4.396 

1750. 

-2338968. 

-1642536. 

49.027 

-114923. 

-144572. 

4.315 

(2  sigma) 

— 

— 

— 

2989. 

1444. 

0.043 

1800. 

-2541463. 

-1614835. 

46.361 

-113444. 

-145439. 

4.221 

(2  sigma) 

— 

3588. 

1507. 

0.044 
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Table  30.  Thermophysical  values  for  Ca-olivine,  Ca-SiO.,  at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  a^fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H (298)]/T 
J/(mol  K) 

3V 

cm  /mol 

200. 

97.496 

75.402 

-11176. 

-131.282 

58.9137 

250. 

115.197 

99.254 

-5815. 

-122.515 

59.0137 

(2  sigma) 

0.307 

2.153 

17. 

2.152 

0.9342 

273.150 

120.737 

109.706 

-3082. 

-120.989 

59.0600 

298.150 

125.690 

120.499 

0. 

-120.499 

59.1100 

(2  sigma) 

0.407 

2.152 

0. 

2.152 

0.9260 

30U. 

126.025 

121.278 

233. 

-120.502 

59.1137 

85u. 

133.893 

141.321 

6739. 

-122.067 

59.2137 

400. 

140.297 

159.630 

13598. 

-125.634 

59.3137 

4b0. 

146.351 

176.482 

20755. 

-130.360 

59.4137 

500. 

150.846 

192.112 

28174. 

-135.763 

59.5137 

(2  sigma) 

0.526 

2.162 

82. 

2.153 

1.0616 

550. 

155.417 

206.706 

35833. 

-141.556 

59.6137 

500. 

* 159.629 

220.413 

43710. 

-147.562 

59.7137 

650. 

163.510 

233.345 

51790. 

-153.668 

59.8137 

700. 

167.074 

245.595 

60056. 

-159.801 

59.9137 

750. 

170.322 

257.234 

68492. 

-165.912 

60.0137 

(2  sigma) 

0.433 

2.182 

185. 

2.156 

1.4860 

300. 

173.251 

268.322 

77083. 

-171.968 

60.1137 

850. 

175.359 

278.905 

85812. 

-177.950 

60.2137 

900. 

178.138 

289.023 

94663. 

-183.842 

60.3137 

950. 

180.084 

298.708 

103620. 

-189.634 

60.4137 

970. 

180.767 

302.467 

107229. 

-191.922 

60.4537 

1000. 

181.690 

307.987 

112666. 

-195.322 

50.5137 

(2  sigma) 

1.428 

2.172 

158. 

2.159 

2.0289 

1050. 

182.952 

316.884 

121783. 

-200.900 

60.5137 

1100. 

183.864 

325.417 

130955. 

-206.367 

60.7137 

1120. 

184.130 

328.733 

134635. 

-208.523 

60.7537 

1150. 

184.422 

333.604 

140164. 

-211.723 

60.8137 

1200. 

184.622 

341.459 

149391. 

-216.966 

60.9137 

1250. 

184.459 

348.993 

158620. 

-222.097 

61.0137 

(2  sigma) 

4.401 

2.214 

680. 

2.159 

2.6176 
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Table  81.  Thermochemical  properties  of  Ca-olivine,  Ca2SiO,,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the^thermochemical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the 

£1 ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K. 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

2UO. 

-2316298. 

-2239033. 

584.775 

-136444. 

-137183. 

35.328 

250. 

-2317181. 

-2219600. 

463.760 

-136541. 

-137356. 

28.699 

(2  sigma) 

— 

— 

— 

2563. 

2065. 

0.432 

273.150 

-2317393. 

-2210554. 

422.725 

-136595. 

-137429. 

26.281 

298.150 

-2317527. 

-2200769. 

385.565 

-136670. 

-137502. 

24.090 

(2  sigma) 

— 

— 

— 

2563. 

1972. 

0.345 

300. 

-2317534. 

-2200044. 

383.062 

-136676. 

-137508. 

23.942 

350. 

-2317574. 

-2180456. 

325.415 

-136880. 

-137631. 

20.540 

400. 

-2317406. 

-2160877. 

282.181 

-137140. 

-137721. 

17.984 

450. 

-2317089. 

-2141329. 

248.559 

-137433. 

-137776. 

15.993 

500. 

-2316660. 

-2121822. 

221.665 

-137743. 

-137798. 

14.396 

(2  sigma) 

— 

2570. 

1592. 

0.166 

550. 

-2316149. 

-2102363. 

199.666 

-138053. 

-137788. 

13.086 

600. 

-2315580. 

-2082952. 

181.337 

-138355. 

-137751. 

11.992 

650. 

-2314974. 

-2063591. 

165.832 

-138645. 

-137688. 

11.065 

700. 

-2314353. 

-2044277. 

152.546 

-138921. 

-137604. 

10.268 

750. 

-2315409. 

-2024934. 

141.029 

-139184. 

-137501. 

9.576 

(2  sigma) 



— 

— 

2583. 

1169. 

0.081 

800. 

-2314600. 

-2005597. 

130.952 

-139440. 

-137380. 

8.970 

350. 

-2313904. 

-1986306. 

122.063 

-140408. 

-137239. 

8.434 

900. 

-2313335. 

-1967052. 

114.165 

-140243. 

-137057. 

7.955 

950. 

-2312905. 

-1947827. 

107.099 

-140040. 

-136885. 

7.526 

970. 

-2312776. 

-1940142. 

104.477 

-139947. 

-136819. 

7.368 

luou. 

-2312029. 

-1928620. 

100.741 

-139800. 

-136725. 

7.142 

(2  sigma) 

— 

— 

— 

2576. 

888. 

0.046 

1U00. 

-2312522. 

-1909423. 

94.989 

-13904U. 

-136577. 

6.794 

110U. 

-2312599. 

-1390227. 

89.759 

-139278. 

-136442. 

6.479 

1120. 

-2329460. 

-1332425. 

87.793 

-139177. 

-136392. 

6.361 

1150. 

-2328619. 

-1370462. 

34.959 

-139030. 

-136319. 

6.192 

1200. 

-2327225. 

-1850572. 

80.553 

-138812. 

-136206. 

5.929 

1250. 

-2325855. 

-1830740. 

76.502 

-138642. 

-136101. 

5. 687 

(2  sigma) 

— 

“ 

— • 

2627. 

395. 

0.037 
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Table  82.  Thermophysical  values  for  larnite,  Ca2SiO.,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a^fit  of  the  thermophysical 
and  themiochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H(298)  [G-H(298)]/T  -V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

101.598 

81.036 

250. 

117.236 

105.484 

(2  sigma) 

0.269 

1.289 

273.150 

122.974 

116.122 

298. 150 

128.404 

127.131 

(2  sigma) 

0.250 

1.286 

300. 

128.779 

127.927 

350. 

137.750 

148.479 

400. 

144.982 

167.361 

450. 

150.972 

184.793 

500. 

156.039 

200.969 

(2  sigma) 

0.488 

1.281 

550. 

160.399 

216.051 

600. 

• 164.202 

230.174 

650. 

. 167.557 

243.452 

700. 

170.545 

255.981 

750. 

173.230 

267.841 

(2  sigma) 

0.700 

1.311 

3U0. 

175.659 

279.099 

850. 

177.870 

289.816 

9UU. 

179.895 

300.041 

950. 

181.767 

309.818 

97u. 

182.461 

313.612 

luuo. 

183.478 

319.185 

(2  sigma) 

0.832 

1.374 

1060. 

185.074 

328.176 

1100. 

186.561 

336.821 

1150. 

187.949 

345.144 

1200. 

189.249 

353.171 

1250. 

190.471 

360.922 

(2  sigma) 

0.923 

1.456 

-11418. 

-138.127 

51.54  99 

-5926. 

-129.186 

51.5742 

12. 

1.286 

1.3890 

-3144. 

-127.632 

51.5863 

0. 

-127.131 

51.6000 

0. 

1.286 

1.3890 

238. 

-127.134 

51.6010 

6910. 

-128.736 

51.6301 

13984. 

-132.401 

51.6610 

21387. 

-137.266 

51.6934 

29066. 

-142.837 

51.7272 

72. 

1.283 

1.3893 

36980. 

-148.815 

51.7621 

45097. 

-155.013 

51.7980 

53392. 

-161.310 

51.8346 

61846. 

-167.629 

51.8720 

70442. 

-173.918 

51.9099 

220. 

1.279 

1.3894 

79165. 

-180.143 

51.9483 

88004. 

-186.282 

51.9871 

96949. 

-192.320 

52.0262 

105991. 

-198.249 

52.0657 

1U9633. 

-200.588 

52.0815 

115122. 

-204. U63 

52.1054 

410. 

1.283 

1.3895 

124337. 

-209.760 

52.1453 

133628. 

-215.341 

52.1854 

142991. 

-220.805 

52.2256 

152421. 

-226.154 

52.2660 

161915. 

-231.390 

52.3065 

628. 

1.294 

1.3904 

/ 
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TaDle  83.  Thermochemical  properties  of  larnite,  Ca^SiCL,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-2306237. 

-2230099. 

582.442 

-126383. 

-128248. 

33.495 

250. 

-2306988. 

-221096  5. 

461.955 

-126348. 

-128721. 

26.895 

(2  sigma) 

--- 

— 

— 

1348. 

1105. 

0.231 

273.150 

-2307151. 

-2202065. 

421.102 

-126353. 

-128940. 

24.657 

298.150 

-2307224. 

-2192443. 

384.107 

-126367. 

-129176. 

22.631 

(2  sigma) 

— 

— 

— 

1348. 

1064. 

0.186 

300. 

-2307225. 

-2191731. 

381.614 

-126368. 

-129194. 

22.495 

350. 

-2307100. 

-2172487. 

324.226 

-126406. 

-129662. 

19.351 

40U. 

-2306717. 

-2153281. 

281.189 

-126451. 

-130124. 

16.992 

450. 

-2306153. 

-2134133. 

247.724 

-126498. 

-130580. 

15.157 

500. 

-23U5465. 

-2115056. 

220.958 

-126548. 

-131031. 

13.689 

(2  sigma) 

- — 

— 

— - 

1353. 

911. 

0.095 

550. 

-2304599. 

-2096052. 

199. U66 

-126603. 

-131477. 

12.487 

500. 

-2303890. 

-2U77119. 

180.829 

-12b6b6. 

-131918. 

11.484 

o5o. 

-230306b. 

-2058255. 

165.403 

-126739. 

-132352. 

10.636 

700. 

-2302259. 

-2039454. 

152.186 

-126827. 

-132781. 

9.308 

750. 

-2303155. 

-2020636. 

140.730 

-126931. 

-133203. 

9.277 

(2  sigma) 

- — 

— 

— 

1376. 

795. 

0.055 

800. 

-2302214. 

-2001333. 

130.706 

-127055. 

-133617. 

8.724 

350. 

-2301409. 

-1983084. 

121.865 

-127912. 

-134017. 

8.236 

900. 

-2300746. 

-1964379. 

114.010 

-127659. 

-134384. 

7.799 

950. 

-2300231. 

-1945707. 

106.982 

-127366. 

-134765. 

7.410 

970. 

-2300068. 

-1938245. 

104.375 

-127239. 

-134922. 

7.266 

1000. 

-2299870. 

-1927058. 

100.659 

-127040. 

-135163. 

7.C60 

(2  sigma) 

— 

— 

1428. 

800. 

0.042 

1050. 

-2299666. 

-1908423. 

94.939 

-126684. 

-135578. 

6.745 

1100. 

-2299623. 

-1889794. 

39.739 

-126302. 

-136010. 

6.459 

1150. 

-2315488. 

-1870603. 

34.965 

-125900. 

-1364  60. 

6.198 

1200. 

-2313892. 

-1851294. 

30.585 

-125479. 

-136928. 

5.960 

1250. 

-2312258. 

-1832052. 

76.557 

-125044. 

-137414. 

5.742 

(2  sigma) 

— 

1515. 

943. 

0.039 
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Table  34.  Thermophysical  values  for  grossular,  Ca-jAl?Si,3,2>  at  1*01325 
bars  (1  atm).  The  tabulations  are  based  on  a^fTt  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

Cp 

S 

K 

J/(mol  K) 

J/(mol  K) 

200. 

235.117 

142.930 

250. 

290.295 

201.622 

(2  sigma) 

0.191 

3.744 

273.150 

310.963 

228.252 

298.150 

330.541 

256.348 

(2  sigma) 

0.160 

3.743 

300. 

331.390 

253.397 

350. 

363.910 

312.066 

400. 

389.041 

362.365 

450. 

409.085 

40  9.388 

bUU. 

425.281 

453.357 

U sigma) 

0.  lob 

3.745 

Sou. 

438.509 

494.o32 

5u0. 

. 449.408 

533.169 

650. 

458.454 

569.509 

7U0. 

' 466.010 

603.769 

750. 

472.357 

636.143 

(2  sigma) 

0.762 

3.733 

300. 

477.718 

666.804 

350. 

482.270 

695.906 

900. 

486.157 

723.585 

950. 

489.498 

749.962 

1000. 

492.389 

775.145 

(2  sigma) 

1.770 

3.716 

1050. 

494.913 

799.231 

1100. 

497 . 138 

822.307 

1150. 

499.124 

844.450 

1200. 

500. 920 

365.731 

1250. 

502.570 

386.213 

(2  sigma) 

3.710 

3.748 

1300. 

504.112 

905.955 

1350. 

505.577 

925.008 

1400. 

506.996 

943.420 

1450. 

508.392 

961.236 

1500. 

509.788 

978.495 

(2  sigma) 

7.278 

3.970 

1550. 

511.205 

995.234 

1600. 

512. o59 

1011.487 

looo. 

514. io7 

1U27.288 

1700. 

515.743 

iu43. 657 

175U. 

517.399 

1057.031 

U sigma) 

12.727 

4.  675 

1800. 

519.147 

1072.231 

(2  sigma) 

14.052 

4.903 

H-H (298 ) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

3v 

cm  /mol 

-28191. 

-283.887 

124.9446 

-14989. 

-251.577 

125.0676 

9. 

3.743 

0.0727 

-3024. 

-257.628 

125.1270 

0. 

-256.348 

125.1926 

0. 

3.743 

0.0462 

613. 

-256.355 

125.1975 

18041. 

-260.520 

125.3333 

36889. 

-270.142 

125.4740 

56861. 

-283.030 

125.6189 

77734. 

-297.889 

125.7673 

26. 

3.743 

U.0539 

99340. 

-313.914 

125.9187 

121546. 

-330.592 

126.0727 

144250. 

-347.587 

12b. 2288 

167367. 

-364.674 

126.3867 

190830. 

-381.703 

125.5462 

96. 

3.742 

0.0524 

214586. 

-398.572 

126.7070 

238589. 

-415.213 

126.8688 

262802. 

-431.583 

127.0316 

287195. 

-447.651 

127.1952 

311744. 

-463.401 

127.3595 

379. 

3.735 

0.1130 

336428. 

-478.323 

127.5243 

361231. 

-493.915 

127.6896 

386138. 

-503.678 

127.8553 

411140. 

-523.115 

128.0214 

436228. 

-537.231 

128.1877 

975. 

3.724 

0.2297 

461395. 

-551.036 

128.3543 

486637. 

-564.536 

128.5211 

511952. 

-577.740 

128.6381 

537337. 

-590.559 

128.8552 

562791. 

-603.301 

129.0224 

2193. 

3.715 

0.3627 

588316. 

-615. 675 

129.1898 

613912. 

-o27.791 

129.3572 

639583. 

-639.659 

129.5248 

5oo330. 

-651.287 

129.6924 

691158. 

-662.684 

129.8600 

4510. 

3.723 

0.5021 

717072. 

-673.358 

130.0277 

5149. 

3.730 

0.5304 

Table  85.  Thermochemical  properties  of  grossular,  Ca^Al-Si ,017,  at 
1.01325  bars  (1  atm).  Columns  2 through  4Jgi6e  whe^ 
thermochemical  values  relative  to  the  elements;  colons  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-oo32735. 

-6395616. 

1670.362 

-324725. 

-319U23. 

33.320 

2bu. 

-oo3b79u. 

-6335822. 

1323.797 

-325399. 

-317518. 

66.342 

(2  sigma) 

— 

— 

— 

4U71. 

3313. 

0.692 

273. iaO 

-6o38o09. 

-O307895. 

1206.262 

-325666. 

-316776. 

60.577 

298.150 

-6638943. 

-6277637. 

1099.315 

-325915. 

-315951. 

55.353 

(2  sigma) 

— 

— 

— 

4071. 

3178. 

0.557 

300. 

-6638998. 

-6275395. 

1092.643 

-325931. 

-315889. 

55.001 

350. 

-6639850. 

-6214711. 

927.494 

-326316. 

-314183. 

46.389 

400. 

-6639713. 

-6153976. 

803.526 

-326600. 

-312430. 

40.799 

450. 

-6638863. 

-6093304. 

707.292 

-326838. 

-310644. 

36.059 

500. 

-6637513. 

-6032755. 

630.237 

-327080. 

-308832. 

32.263 

(2  sigma) 

--- 

— 

— 

4072. 

2570. 

0.279 

550. 

-6635829. 

-5972359. 

567.207 

-327363. 

-306994. 

29.156 

600. 

-6633945. 

-5912125. 

514.696 

-327738. 

-305126. 

26.564 

650. 

-6631968. 

-5852053. 

470.276 

-323219. 

-303223. 

24.367 

700. 

-6629987. 

-5792135. 

432.214 

-328836. 

-301278. 

22.482 

750. 

-6630583. 

-5732246. 

399.229 

-329607. 

-299284. 

20.844 

(2  sigma) 

— 

— 

— 

4066. 

2244. 

0. 156 

300. 

-6628478. 

-5672427. 

370.371 

-330548. 

-297232. 

19.407 

850. 

-6625660. 

-5612731. 

344.916 

-333807. 

-295101. 

18.135 

900. 

-6625162. 

-5553133. 

322.295 

-333852. 

-292823. 

16.995 

950. 

-5645274. 

-5492961. 

302.024 

-333899. 

-290542. 

15.975 

1000. 

-6644230. 

-5432341. 

283.756 

-333962. 

-283259. 

15.057 

(2  sigma) 

— - 

— 

— 

4055. 

2164. 

0.113 

iUbO. 

-0643463. 

-5371767. 

267.231 

-334052. 

-2S5972. 

14.226 

1100. 

-6642982. 

-5311222. 

252.209 

-33418U. 

-283679. 

13.471 

1150. 

-666041 U. 

-0249852. 

238.456 

-334352. 

-281380. 

12.781 

1200. 

-oo63694. 

-0188321. 

225.342 

-334575. 

-279072. 

12.148 

1250. 

-6ooU969. 

-5126sU3. 

214.241 

-334852. 

-276754. 

11 . 565 

(2  sigma) 

— 

— 

— 

4097. 

2462. 

0.103 

1300. 

-6658238. 

-5065594. 

203.538 

-335188. 

-274424. 

11.026 

1350. 

-6655498. 

-5004391. 

193.631 

-335584. 

-272080. 

10.527 

1400. 

-6652749. 

-4943239. 

184.436 

-336041. 

-269719. 

10.063 

1450. 

-5649987. 

-4382285. 

175.379 

-336560. 

-267342. 

9.631 

1500. 

-6647208. 

-4821377. 

167.395 

-337141. 

-254945. 

9.225 

(2  sigma) 

— 

— 

— 

4461. 

3036. 

0.106 

1550. 

-6644408. 

-4760562. 

160.430 

-337783. 

-252528. 

8.347 

1600. 

-5641580. 

-4699838. 

153.434 

-338434. 

-250090. 

3.491 

1650. 

-6638719. 

-4639203. 

146.365 

-339242. 

-257628. 

8.156 

1700. 

-6787344. 

-4577306. 

140.543 

-340055. 

-255143. 

7.340 

1750. 

-6783967. 

-4512353. 

134.686 

-340919. 

-252533. 

7.541 

(2  sigma) 

— 

— 

— 

5862. 

3814. 

0.114 

1800. 

-723 9023. 

-1435723. 

123.721 

-341833. 

-250098. 

7.258 

(2  sigma) 

— 

— - 

— 

5347. 

3996. 

0.115 

201 


Table  36.  Thermophysical  values  for  hatrurite,  Ca^SiOc,  at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  3 fill  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H (298)  [G-H (298 )]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  ctrr/mol 


200. 

135.792 

250. 

156.756 

(2  sigma) 

0.547 

273.150 

104.422 

29b. 150 

171.658 

(2  sigma) 

0.880 

30U. 

172.157 

350. 

184.064 

400. 

193.607 

450. 

201.463 

500. 

208.066 

(2  sigma) 

1.547 

550. 

213.707 

600. 

218.592 

550. 

222.868 

700. 

226.647 

750. 

230.012 

(2  sigma) 

2.608 

800. 

233.030 

850. 

23  5 . 753 

900. 

233.221 

950. 

240.469 

1000. 

242.525 

(2  sigma) 

4.951 

1050. 

244.412 

1100. 

246.150 

j.15o. 

247.754 

1200. 

249.239 

12  50. 

250.017 

(2  sigina) 

7.861 

1300. 

251.898 

1350. 

253.092 

1400. 

254.206 

1450. 

255.247 

1500. 

256.221 

(2  sigma) 

11.041 

1550. 

257.134 

1500. 

257.991 

1650. 

258.795 

1700. 

259.551 

1750. 

260.263 

(2  sioma) 

14.375 

1300. 

260.932 

(2  sigma) 

15.055 

1U6.976 

-15266. 

139.6ol 

-7923. 

0.345 

33. 

153.885 

-4203. 

lo8. 604 

0. 

0.321 

0. 

169.667 

318. 

197.136 

9235. 

222.359 

18685. 

245.530 

28568. 

267.208 

38811. 

0.706 

261. 

287.310 

49359. 

306.119 

60159. 

323.788 

71208. 

340.446 

82447. 

356.200 

93865. 

1.271 

667. 

371.142 

105443. 

385.353 

117164. 

398.399 

129014. 

411.340 

140982. 

424.228 

153058. 

1.969 

1416. 

436.107 

165232. 

447.518 

177496. 

458.495 

139844. 

469.071 

202270. 

479.274 

214707. 

3.076 

2855. 

489.129 

227330. 

498.058 

239955. 

507.883 

252638. 

516.322 

255374. 

525.491 

278161. 

4.574 

5100. 

533.908 

290995. 

542.085 

303874. 

550.037 

316794. 

557.774 

329752. 

565.308 

342748. 

6. 375 

3188. 

572.649 

355778. 

5.764 

8909. 

-183.305 

72.7052 

-171.352 

72.7213 

0.321 

0.5146 

-169.273 

72.7306 

-168.604 

72.7420 

0.321 

0.5144 

-168.607 

72.7429 

-170.749 

72.7692 

-175.646 

72.7994 

-182.146 

72.8331 

-189.536 

72.8695 

0.340 

0.5153 

-197.567 

72.9084 

-205.338 

72.9493 

-214.233 

72.9919 

-222.664 

73.0360 

-231.046 

73.0813 

0.493 

0.5157 

-239.339 

73.1276 

-247.513 

73.1749 

-255.550 

73.2229 

-253.438 

73.2715 

-271.170 

73.3206 

0.710 

0.5164 

-278.743 

73.3703 

-286.157 

73.4203 

-293.413 

73.4706 

-300.513 

73.5212 

-307.461 

73.5720 

0.991 

0.5197 

-314.260 

73.6230 

-320.914 

73.6742 

-327.427 

73.7256 

-333.305 

73.7770 

-340.051 

73.3286 

1.380 

0. 5256 

-346.169 

73.3802 

-352.164 

73.9319 

-358.040 

73.9837 

-363.802 

74.0356 

-369.452 

74.0874 

1.892 

0.5374 

-374.995 

74.1393 

2.009 

0.5399 
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Table  87.  Thermochemical  properties  of  hatrurite,  Ca^SiOc,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  thermochemical 
values  relative  to  the  elements,  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

1 og  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-2932681. 

-2836063. 

740.703 

-117839. 

-120324. 

31.425 

250. 

-2933550. 

-2811790. 

587.491 

-117776. 

-120955. 

25.272 

(2  sigma) 

— 

— ... 

— 

1639. 

1689. 

0.353 

273.150 

-2933694. 

-2800507. 

535.542 

-117765. 

-121250. 

23.187 

298.150 

-2933704. 

-2788316. 

488.501 

-117754. 

-121569. 

21.298 

(2  sigma) 

— 

— 

— 

1692. 

1590. 

0.296 

300. 

-2933700. 

-2787414. 

485.331 

-117753. 

-121593. 

21.171 

350. 

-2933347. 

-2763055. 

412.363 

-117721. 

-122235. 

18.243 

400. 

-2932640. 

-2738772. 

357.647 

-117667. 

-122883. 

16.047 

450. 

-2931688. 

-2714594. 

315.102 

-117589. 

-123  540. 

14.340 

500. 

-2930576. 

-2690531. 

281.078 

-117490. 

-124206. 

12.976 

(2  sigma) 

— 

— 

— 

1810. 

1672. 

0.175 

550. 

-2929363. 

-2666584. 

253.251 

-117374. 

-124883. 

11.360 

600. 

-2928117. 

-2642749. 

230.072 

-117248. 

-125571. 

10.932 

650. 

-2926866. 

-2619020. 

210.467 

-117117. 

-126270. 

10.147 

7UU. 

-2925651. 

-2595385. 

193.670 

-116987. 

-126979. 

9.475 

78U. 

-292 7013. 

-2571726. 

179.111 

-116862. 

-127697. 

8.894 

(2  sigma) 

— 

— 

— 

2211. 

1566. 

0.109 

8UU. 

-2925634. 

-2548086. 

166.373 

-116746. 

-128423. 

8.385 

6bU. 

-2924475. 

-2524826. 

165.138 

-117357. 

-129151. 

7.937 

9QU. 

-2923545. 

-2801027. 

145.156 

-116852. 

-129859. 

7.537 

980. 

-2922854. 

-2477574. 

136.226 

-116303. 

-130597. 

7.181 

1UU0. 

-2922407. 

-2454151. 

128.192 

-115717. 

-131364. 

6.862 

(2  sigma) 

— 

— 

— 

2945. 

1344. 

0.070 

1050. 

-2922212. 

-2430744. 

120.923 

-115100. 

-132161. 

6.575 

1100. 

-2922273. 

-240  7341. 

114.315 

-114458. 

-132989. 

6.315 

1150. 

-2946211. 

-2383087. 

108.243 

-113795. 

-133846. 

6.079 

1200. 

-2943971. 

-2358651. 

102.669 

-113117. 

-134732. 

5.865 

1250. 

-2941690. 

-2334310. 

97.545 

-112428. 

-135647. 

5.668 

(2  sigma) 

— 

— 

— 

4251. 

1067. 

0.045 

1300. 

-2939372. 

-2310060. 

92.819 

-111731. 

-136539. 

5.488 

1350. 

-2937017. 

-2285901. 

88.447 

-111032. 

-137559. 

5.322 

1400. 

-2934630. 

-2261829. 

84.390 

-110333. 

-138554. 

5.170 

1450. 

-2932211. 

-2237843. 

80.616 

-109639. 

-139574. 

5.028 

1500. 

-2929763. 

-2213941. 

77.096 

-108953. 

-140613. 

4.897 

(2  sigma) 

— 

— 

— 

6344. 

1199. 

0.042 

1550. 

-2927286. 

-2190121. 

73.307 

-108273. 

-141685. 

4.775 

1600. 

-2924782. 

-2166381. 

70.725 

-107617. 

-142773. 

4.661 

1650. 

-2922252. 

-2142720. 

67.333 

-106973. 

-143831. 

4.555 

1700. 

-2970207. 

-2118636. 

55.099 

-106349. 

-145009. 

4.456 

1750. 

-2967485. 

-2093631. 

62.493 

-105749. 

-146155. 

4.362 

(2  sigma) 

— 

— 

— 

9310. 

2204. 

0. 066 

1800. 

-3423238. 

-2086983. 

59.692 

-105175. 

-147318. 

4.275 

(2  sigma) 

1001U. 

2494. 

0.U72 
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Table  38.  Thermophysical  values  for  rankinite 
(1  atm).  The  tabulations  are  based 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


, la-jSi^U-,,  at  1.01325  bars 
on  a fft  of  the 


T Up  S H-H (298)  [G-H (298)]/T 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cnr/mol 


200. 

167.933 

250. 

194.970 

(2  sigma) 

0.522 

273.150 

204.896 

298.150 

214.259 

(2  sigma) 

0.758 

300. 

214.903 

350. 

230.239 

400. 

242.407 

450. 

252.284 

500. 

260.443 

(2  sigma) 

1.511 

550. 

267.276 

600. 

273.060 

550. 

277.996 

7UU. 

282.238 

750. 

285.901 

(2  siyfna) 

1. 7u7 

8UU. 

289.076 

«50. 

291.835 

9UU. 

294.23o 

95U. 

296.327 

1QOU. 

298.146 

(2  sigma) 

2.046 

1050. 

299.726 

1100. 

301.095 

1150. 

302.275 

1200. 

303.285 

1250. 

304.144 

(2  sigma) 

3.560 

1300. 

304.866 

1350. 

305.463 

1*00. 

305.946 

1450. 

306.326 

1500. 

306.512 

(2  sigma) 

5.811 

1550. 

306.810 

1600. 

306.927 

1650. 

306.971 

1700. 

306.945 

1750. 

306.856 

(2  sigma) 

3.440 

1<JU0. 

306.708 

(2  sigma) 

cs.997 

133.933 

-13983 

174.476 

-9873 

3.095 

30 

192.136 

-5242 

210.543 

o, 

3.092 

0 

211.870 

397 

246.198 

11541 

277.766 

23368, 

306.906 

35744 

333.923 

48563, 

3.122 

225 

359.075 

61766 

382.586 

75278 

404.643 

89058. 

425.403 

103066, 

445.004 

117272 

3.259 

611 

463.5o 9 

131648 

481.109 

146173, 

497.919 

160826, 

513.885 

175591 

529.132 

190454, 

3.390 

957 

543.713 

205402 

557.694 

220423 

571.105 

235508 

583  . 991 

250648 

596.390 

265834, 

3.495 

1343, 

608.333 

281060 

619.350 

296  3 1 9 

63  0 . 96  8 

311604, 

641.711 

326912, 

652.101 

342235, 

3.683 

2143 

562.  158 

357571 

671.901 

372915, 

681.347 

388263. 

690.511 

40  3 611, 

699.407 

413956, 

4.104 

3647 

708.049 

434296, 

4.226 

4040, 

-228.347 

96.4050 

-213.969 

96.4535 

3.091 

0.2532 

-211.377 

96.4770 

-210.543 

96.5030 

3.092 

0.2572 

-210.547 

96.5050 

-213.223 

96.  5590 

-219.345 

96.6151 

-227.476 

96.6731 

-236.786 

96.7326 

3.090 

0.2619 

-246.773 

96.7934 

-257.122 

96.3553 

-267.630 

96.9131 

-278.166 

96.9817 

-288.641 

97.0460 

3.099 

0.2636 

-298.999 

97.1109 

-309.201 

97.1762 

-319.224 

97.2420 

-329.052 

97.3081 

-333.678 

97.3745 

3.125 

0.2659 

-348.097 

97.4411 

-357.309 

97.5079 

-366.315 

97.5750 

-375.118 

97.6421 

-383.722 

97.7094 

3.160 

" 0.2734 

-392.133 

97.7768 

-400.355 

97.3443 

-408.394 

97.9119 

-416.255 

97.9795 

-423.944 

98.0472 

3.193 

0.3043 

-431.467 

98.1149 

-438.329 

98.1827 

-446  . 036 

98.2505 

-453.092 

98.3183 

-460.003 

98.3862 

3.232 

0.3413 

-466.774 

98.4540 

3.242 

0.3504 

204 


Table  39.  Thermochemical  properties  of  rankinite,  Ca^SipOy,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  tnermochemical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

200. 

-3973107. 

-3840871. 

1003.132 

-248336. 

-251058. 

65.570 

250. 

-3974516. 

-3807628. 

795.560 

-248369. 

-251730. 

52.596 

(2  sigma) 

— 

— 

— 

3366. 

2715. 

0.567 

273.150 

-3974857. 

-3792158. 

725.176 

-248392. 

-252041. 

48.198 

298.150 

-3975050. 

-3775426. 

661.439 

-248429. 

-252373. 

44.215 

(2  sigma) 

— 

— 

— 

3368. 

2597. 

0.455 

300. 

-3976057. 

-3774188. 

657.144 

-248432. 

-252398. 

43.946 

350. 

-3974990. 

-3740 708. 

558.270 

-248534. 

-253051. 

37.766 

400. 

-3974494. 

-3707268. 

484.119 

-248667. 

-253687. 

33.128 

450. 

-3973705. 

-3673910. 

42b. 456 

-248837. 

-254305. 

29.519 

500. 

-3972722. 

-3640651. 

380.336 

-249055. 

-254902. 

26.629 

U sigma) 

— 

— 

— 

3404. 

2133. 

0.223 

550. 

-3971625. 

-360749b. 

342.611 

-249331. 

-255473. 

24.263 

600. 

-3970478. 

-3574444. 

311.183 

-249674. 

-256017. 

22.288 

650. 

-3969333. 

-3541488. 

284.597 

-250095. 

-256529. 

20.615 

700. 

-3968234. 

-3508613. 

261.816 

-250602. 

-257006. 

19.178 

750. 

-3969725. 

-3475715. 

242.070 

-251202. 

-257443. 

17.930 

(2  sigma) 

— 

— 

- — 

3497. 

1675. 

0.117 

800. 

-3968496. 

-3442822. 

224.793 

-251904. 

-257837. 

16.835 

850. 

-3967510. 

-3409999. 

209.553 

-254138. 

-258173. 

15.865 

900. 

-3966782. 

-33  77  2 2 7. 

196.009 

-254214. 

-258408. 

14.998 

950. 

-3966322. 

-3344487. 

183.893 

-254278. 

-253639. 

14.221 

1000. 

-3966140. 

-3311765. 

172.989 

-254340. 

-258867. 

13.522 

(2  sigma) 

— 

— - 

— 

3602. 

1523. 

0.080 

1050. 

-3966245. 

-3279045. 

163.123 

-254410. 

-259092. 

12.889 

1100. 

-3966643. 

-3246313. 

154.154 

-254496. 

-259313. 

12.314 

1150. 

-3990957. 

-3212715. 

145.926 

-254607. 

-259529. 

11.788 

1200. 

-3939133. 

-3178918. 

138.375 

-254750. 

-259740. 

11.306 

1250. 

-3987309. 

-3145196. 

131.430 

-254932. 

-259944. 

10.862 

(2  sigma) 

— 

— 

— 

3716. 

1808. 

0.076 

1300. 

-3985491. 

-3111548. 

125.023 

-255158. 

-260141. 

10.453 

1350. 

-3983679. 

-3077969. 

119.094 

-255436. 

-260327. 

10.073 

1400. 

-3981879. 

-3044457. 

113.590 

-255771. 

-260502. 

9.719 

1450. 

-3980093. 

-3011009. 

108.463 

-256167. 

-260665. 

9.390 

1500. 

-3978322. 

-2977623. 

103.690 

-256630. 

-260812. 

9.082 

(2  sigma) 

— 

— 

— 

4028. 

2404. 

0.084 

1550. 

-397boo9. 

-2944295. 

99.222 

-257164. 

-260943. 

8.794 

1600. 

-3974835. 

-2911024. 

95.U35 

-257773. 

-261055. 

8.523 

1550. 

-3973122. 

-2877806. 

91.104 

-258463. 

-261147. 

3.267 

1700. 

-4072449. 

-2843741. 

87.377 

-259237. 

-261217. 

8.026 

1750. 

-4070497. 

-2807631. 

83.803 

-260099. 

-261263. 

7.798 

(2  sigma) 

— 

— 

— 

4919. 

3175. 

0.095 

1800. 

-4527061. 

-2759805. 

80.087 

-261052. 

-261283. 

7.532 

(2  sigma) 

— 

— * 

5199. 

3347. 

0.097 
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Table  90 


. Thermophysical  values  for  meionite,  Ca.AlgSigO-. (C03) , at 
1.01325  bars  (1  atm).  The  tabul ations  are  based  on  a fit  of 
the  thermophysical  and  thermochemical  data  given  in  Section 
1.5.5. 


T Cp  S H-H (298)  [G-H (298)]/T  ,V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cirf/mol 


200. 

250. 

(2  sigma) 

273.150 

298. 150 
(2  sigma) 

3UU. 

3bu. 

4uu. 

4b0. 

500. 

(2  sigma) 
550. 

600. 

650. 

700. 

750. 

(2  sigma) 
800. 

850. 

900. 

950. 

1000. 

(2  sigma) 
1050. 
1100. 
1150. 
1200. 
1250. 

(2  sigma) 

1300. 

1350. 

1400. 

1450. 

1500. 

(2  siyma) 
1550. 
1600. 
1650. 
1700. 
1750. 

(2  sigma) 
1300. 

(2  sigma) 


466.964 
623.750 
20.017 
674.831 
720.385 
10.808 
723.434 
793.110 
84b. Obi 
885.571 
918.281 
11.223 
945.390 
968.325 
988.058 
1005.271 
1020.460 
8.890 
1033.994 
1046.155 
1057.161 
1067.186 
1076.363 
7.320 
1084.819 
1092.533 
1099.886 
1106.643 
1112.958 
7.337 
1118.878 
1124.443 
1129.636 
1134.639 
1139.327 
9.390 
1143.772 
1147.996 
1152.017 
1155.849 
1159.508 
11.140 
1163.007 
11.483 


450.253 

572.781 

12.267 

630.323 

691.450 

12.002 

695.915 

812.953 

922.404 

1024.367 

1119.421 

8.118 

1208.252 

1291.521 

1369.827 

1443.693 

1513.578 

5.199 

1579.877 

1642.934 

1703.047 

1760.478 

1815.454 

4.229 

1863.177 

1918.826 

1967.557 

2014.513 

2059.317 

4.162 

2103.585 

2145.917 

2136.906 

2226.636 

2265.181 

4.653 

2302.613 

2338.993 

2374.381 

2408.330 

2442.388 

5.545 

2475.102 

5.756 


-60109. 

-32508. 

684. 
-17458. 
0. 
0. 
1336. 
39342. 
803  54. 
123659. 
168782. 

1997. 

215394. 

263252. 

312173. 

362016. 

412666. 

4377. 

464034. 

516043. 

568630. 

621743. 

675335. 

6072. 

729367. 

783806. 

838621. 

393737. 

949278. 

7284. 

1005076. 

1061160. 

1117515. 

1174124. 

1230974. 

8386. 

1288053. 

1345348. 

1402849. 

1460546. 

1518431. 

9724. 

1576495. 

10042. 


-750.796 
-702.815 
11.982 
-694.236 
-691.450 
12.002 
-691.463 
-700.546 
-721.513 
-749.570 
-781.857 
11.184 
-816.627 
-852.763 
-389.560 
-926.528 
-963.356 
9.411 
-999.335 
-1035.325 
-1071.236 
-1106.012 
-1140.119 
7.917 
-1173.542 
-1206.275 
-1238.321 
-1269.690 
-1300.395 
6.815 
-1330.450 
-1359.873 
-1388.681 
-1416.895 
-1444.532 
6.041 
-1471.611 
-1498.151 
-1524.170 
-1549.685 
-1574.  713 
5.523 
-1599.272 
5.453 


337.0425 
337.3241 
2.1893 
337.4544 
337.5952 
2.0810 
337.6056 
337.8872 
338.1687 
333.4503 
333.7319 
1.6348 
339.0134 
33  9.2  950 
339.5766 
339.3581 
340.1397 
1.1179 
340.4212 
340.7028 
340.9844 
341.2659 
341.5475 
0.7244 
341.8291 
342.1106 
342.3922 
342.673  7 
342.9553 
0 . 70  5 5 
343.2369 
343.5134 
343.8000 
344.0816 
344.3631 
1.0810 
344.6447 
344.9263 
345.2078 
345.4894 
345.7709 
1.5929 
346.0525 
1.7014 
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Table  91.  Thermochemical  properties  of  meionite,  Ca.Al(-Sif-0?4(C0-,) , at 
1.01325  bars  (1  atm).  Columns  2 through  4 glve°tne 
thermochemical  values  relative  to  the  elements;  columns  5 


through  7 

give  the  values  relative  to  the 

oxides. 

Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/inol 

J/mol 

2UU. 

-13884220. 

-13389268. 

34  96.9  1 6 

-471259. 

-456964. 

119.347 

250. 

-13893419. 

-13264332. 

2771.429 

-472450. 

-453209. 

94.693 

(2  sigma) 

— 

— 

— 

8922. 

6463. 

1.350 

273.150 

-13895848. 

-13205962. 

2525.382 

-472475. 

-451425. 

36.326 

298.150 

-13897549. 

-13142738. 

2302.552 

-472316. 

-449504. 

78.751 

(2  sigma) 

— 

— 

— 

8939. 

6043. 

1.059 

300. 

-13897643. 

-13138055. 

2287.537 

-472298. 

-449363. 

78.241 

350. 

-13898807. 

-13011331. 

1941.833 

-471690. 

-445585. 

66.500 

400. 

-13897964. 

-12884587. 

1682.553 

-471012. 

-441903. 

57.707 

450. 

-13895762. 

-12758035. 

1480.913 

-470449. 

-438300. 

50.876 

500. 

-13392631. 

-12631782. 

1319.632 

-470093. 

-434749. 

45.418 

(2  sigma) 

... 

— 

— 

7793. 

4725. 

0.494 

550. 

-13888876. 

-12505874. 

1187.708 

-469991. 

-431222. 

40.954 

600. 

-13884727. 

-12380328. 

1077.803 

-470165. 

-427692. 

37.234 

650. 

-13880359. 

-12255137. 

984.334 

-470628. 

-424135. 

34.084 

700. 

-13875914. 

-12130287. 

905.172 

-471384. 

-420533. 

31.380 

750. 

-13874855. 

-12005607. 

836.144 

-472434. 

-416865. 

29.033 

(2  sigma) 

... 



— 

6494. 

3949. 

0.275 

800. 

-13870157. 

-11881146. 

775.759 

-473780. 

-413119. 

26.974 

850. 

-13865821. 

-11756968. 

722.495 

-479594. 

-409247. 

25.149 

900. 

-13861908. 

-11633033. 

675.163 

-479089. 

-405120. 

23.513 

950. 

-13922247. 

-115O7360. 

632.718 

-478382. 

-401030. 

22.050 

100U. 

-14918520. 

-11380358. 

594.449 

-477592. 

-396978. 

20.736 

(2  sigma) 

— 

— 

— 

5882. 

3665. 

0.191 

lut>u. 

-139150U6. 

-11253538. 

559.832 

-476734. 

-392969. 

19.549 

1100. 

-13911723. 

-11126879. 

528.371 

-475821. 

-389001. 

18.472 

1150. 

-13940172. 

-10999243. 

499.601 

-474867. 

-385076. 

17.491 

1200. 

-13933620. 

-10871516. 

473.224 

-473885. 

-381193. 

16.593 

1250. 

-13926922. 

-10744066. 

448.970 

-472386. 

-377351. 

15.769 

(2  sigma) 

— 

— 

— 

5838. 

3702. 

0.155 

1300. 

-13920086. 

-10615886. 

426.591 

-471883. 

-373550. 

15.009 

1350. 

-13913118. 

-10489972. 

405.381 

-470887. 

-369787. 

14.308 

1400. 

-13906024. 

-10363318. 

386.660 

-469907. 

-366060. 

13.658 

1450. 

-13898808. 

-10236920. 

368.773 

-468955. 

-362368. 

13.054 

1500. 

-13891473. 

-10110772. 

352.088 

-4  68042. 

-358708. 

12.491 

(2  sigma) 

--- 

— 

— 

6472. 

4029. 

0.140 

1550. 

-13884020. 

-9984871. 

336.488 

-467177. 

-355078. 

11.966 

1600. 

-13876452. 

-9859213. 

321.870 

-466370. 

-351475. 

11.474 

1650. 

-13868770. 

-9733793. 

308.146 

-465632. 

-347897. 

11.013 

1700. 

-14164029. 

-9605908. 

295.153 

-464972. 

-344339. 

10.580 

1750. 

-14155267. 

-9471973. 

282.723 

-464400. 

-340799. 

10.172 

(2  sigma) 

— 

— 

— 

7913. 

4673. 

0.139 

1800. 

-14757700. 

-9322595. 

270.534 

-463925. 

-337275. 

9.787 

(2  sigma) 

— 

8297. 

4844. 

0.141 

/ 
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Table  92.  Thermophysical  values  for  stable  phases  of  the  element  iron 

(Fe)  at  1.01325  bars  (1  atm).  The  sources  of  data  are  given  in 
Section  1.5.5. 


T 

Cp 

S 

H-H (298) 

[G— H (293 )]/T 

3v 

K. 

J / ( mo  1 K) 

J/(mol  K) 

J/mol 

J/(mol  K) 

cm  /mol 

iron  (crystal,  body 

centered  cubic) 

2UU. 

34.683 

16.270 

-2677. 

-29.652 

— 

250. 

26.027 

22.838 

-1213. 

-27.688 

— 

(2  sigma) 

— 

— 

— 

— 

— 

273.15 

25.059 

25.093 

-623. 

-27.375 

— 

298.15 

24.925 

27.276 

-0. 

-27.276 

— 

(2  sigma) 

— 

— 

— 

— 

— 

300. 

24.939 

27.431 

46. 

-27.277 

— 

350. 

25.946 

31.339 

1314. 

-27.583 

— 

400. 

27.366 

34.896 

2647. 

-28.278 

— 

450. 

28.704 

33.198 

4050. 

-29.199 

— 

500. 

29.872 

41.284 

5515. 

-30.255 

— 

(2  sigma) 

— 

— 

— 

— 

— 

550. 

' 30.926 

44.181 

7035. 

-31.391 

— 

600. 

31.966 

46.916 

3607. 

-32.571 

— 

650. 

33.097 

49.519 

10233. 

-33.776 

— 

700. 

34.419 

52.018 

11920. 

-34.990 

— 

750. 

36.021 

54.446 

13679. 

-36.206 

— 

(2  sigma) 

— 

— 

— 

— 

— 

800. 

37.980 

56. 831 

15528. 

-37.421 

— 

850. 

40.362 

59.203 

17485. 

-38.633 

— 

900. 

43.225 

51.588 

19572. 

-39.342 

— 

950. 

46.617 

64.014 

21816. 

-41.050 

— 

luuo. 

50.581 

66 . 503 

24243. 

-42.260 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1042. 

54.378 

68.660 

26446. 

-43.280 

— 

1U42. 

52.347 

69.309 

27122. 

-43.280 

- — 

1U5U. 

51.421 

o9. 7Uo 

27537. 

-43.480 

— 

lluu. 

46. 636 

71.981 

29982. 

-44.725 

— 

1180. 

43.281 

73.976 

32225. 

-45.954 

— 

1184. 

41 . 640 

75.212 

33667. 

-46.777 

— 

iron  (crystal , face 

centered  cubic) 

1184. 

33.882 

75.975 

34570. 

-46.777 

— 

1200. 

34.016 

76.430 

35113. 

-47.169 

— 

1250. 

34.434 

77.827 

36824. 

-48.368 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

34.353 

79.186 

38557. 

-49.527 

— 

1350. 

35.271 

30.509 

40310. 

-50.650 

— 

1400. 

35.690 

81.799 

42084. 

-51.740 

— 

1450. 

36.108 

83.059 

43879. 

-52.798 

— 

1500. 

36.525 

34.290 

45694. 

-53.827 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1550. 

36.945 

85.495 

47531. 

-54.830 

— 

1500. 

37.363 

86.674 

49339. 

-55.806 

— 

1550. 

37.  782 

37.831 

51268. 

-56.759 

— 

1665. 

37.907 

88.173 

51835. 

-57.041 

— 

iron  (crystal,  body 

centered  cubic) 

1665. 

41.138 

88.666 

52656. 

-57.040 

— 

1700. 

41.620 

39.527 

54105. 

-57.700 

— 

1750. 

42.204 

90.742 

56201. 

-58.027 

— 

(2  sigma) 

— 

— 

— 

— 

— 

ldOO. 

42.732  ' 

91.939 

53325. 

-59.536 

— 

V2  sigma) 

mmamm 

* * "" 

... 
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Table  93.  Thermocneinical  properties  of  stable  phases  of  the  element  iron 
(Fe)  at  1.0132b  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements,  columns  5 
throuyn  7 give  the  values  relative  to  the  oxides. 


Formation  from  the  Elements 

Formation 

from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

iron  (crystal. 

body  centered 

cubic) 

200. 

0. 

0. 

0. 

— 

— 

— 

250. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

273.15 

0. 

0. 

0. 

— 

— 

— 

298.15 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

300. 

0. 

0. 

' 0. 

— 

— 

— 

350. 

0. 

0. 

0. 

— 

— . 

— 

400. 

0. 

0. 

0. 

— 

— - 

— 

450. 

0. 

0. 

0. 

— 

— 

— 

500. 

0. 

0. 

0. 

- — 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

550. 

0. 

0. 

0. 

— 

— 

- — 

500. 

0. 

0. 

0. 

— 

— 

— 

650. 

0. 

0. 

0. 

— 

- — 

— 

7UU. 

0. 

0. 

0. 

— 

— 

7bO. 

u. 

0. 

0. 

— 

— 

- — 

(2  siyma) 

0. 

0. 

u. 

— 

— 

— 

800. 

0. 

0. 

0. 

— 

— 

— 

850. 

0. 

0. 

0. 

— 

— 

— 

900. 

0. 

0. 

0. 

— 

— 

— 

950. 

0. 

0. 

0. 

— 

— 

— 

1000. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1042. 

0. 

0. 

0. 

— 

— 

— 

1042. 

0. 

0. 

0. 

— 

— 

— - 

1050. 

0. 

0. 

0. 

— 

— 

— 

1100. 

0. 

0. 

0. 

— 

— 

— 

1150. 

0. 

0. 

0. 

— 

— 

— 

1184. 

0. 

0. 

0. 

- — 

— 

— 

iron  (crystal. 

face  centered 

cubic) 

1184. 

0. 

0. 

0. 

— 

— 

— 

1200. 

0. 

0. 

0. 

— 

— 

— 

1250. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1300. 

0. 

0. 

0. 

— 

- — 

— 

1350. 

0. 

0. 

0. 

— 

— 

— 

1400. 

0. 

0. 

0. 

— 

— 

— 

1450. 

0. 

0. 

0. 

— 

— 

— 

1500. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

i550. 

0. 

0. 

0. 

— 

— 

— 

louu. 

0. 

0. 

0. 

— 

— 

— 

iboU. 

0. 

0. 

0. 

— 

— 

— 

ioob. 

u. 

0. 

0. 

— 

— 

— 

iron 

(crystal , 

body  centered 

cubic) 

1665. 

0. 

0. 

0. 

— 

— 

— 

1700. 

0. 

' 0. 

0. 

— 

- — 

— 

1750. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1800. 

0. 

0. 

0. 

— 

— 

(2  sigma) 

0. 

0. 

0. 
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Taole  94.  Thermopnysical  values  for  wustite,  Fe  Q47O,  at  1.U1325  oars 
(1  atm).  The  tabulations  are  based  orta  fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H  (298) 
J/mol 

[G-H(2S8)]/T 
J/(mol  K) 

3v 

cm  /mol 

200. 

44.634 

39.849 

-4587. 

-62.785 

12.0395 

250. 

46.379 

50.066 

-2296. 

-59.249 

12.0395 

(2  sigma) 

0.244 

0.565 

10. 

0.563 

0.0053 

273.150 

47.671 

54.253 

-1201. 

-58.550 

12.0395 

2S8.150 

48.402 

58.460 

0. 

-58.460 

12.0395 

(2  sigma) 

0.207 

0.563 

0. 

0.563 

0.0053 

300. 

48.452 

58.750 

90. 

-58.461 

12.0395 

350. 

49.619 

66.320 

2543. 

-59.056 

12.0395 

400. 

50.524 

73.008 

5047. 

-60.390 

12.0395 

450. 

51.256 

79.002 

7592. 

-62.130 

12.0395 

500. 

51.870 

84.435 

10171. 

-54.093 

12.0395 

(2  sigma) 

0.208 

0.560 

42. 

0. 561 

0.0053 

550. 

52.403 

39.404 

12778. 

-66.172 

12.0395 

600. 

' 52.883 

93.985 

15410. 

-68.301 

12.03  95 

ooO. 

53.327 

98.235 

18066. 

-70.442 

12.0395 

7UU . 

53.750 

102. 2U3 

20743. 

-72.571 

12.0395 

7oU. 

54. lo4 

105.920 

23440. 

-74.672 

12.0395 

(2  sigma) 

0.311 

0.543 

79. 

0.556 

0.0053 

800. 

54.576 

109.434 

26159. 

-76.736 

12.0395 

850. 

54.994 

112.756 

23898. 

-78.758 

12.0395 

SQO. 

55.422 

115.911 

31659. 

-80.735 

12.0395 

95u. 

55.365 

118.919 

34441. 

-32.666 

12.0395 

1000. 

56.327 

121.796 

37245. 

-84. 551 

12.0395 

(2  sigma) 

0.320 

0. 541 

128. 

0.550 

0.0053 

1050. 

56.310 

124.556 

40074. 

-86.391 

12.0395 

1100. 

57.317 

127.211 

42927. 

-38.186 

12.0395 

1150. 

57.351 

129.770 

45806. 

-89.939 

12.0395 

1200. 

53.412 

132.244 

48712. 

-91.650 

12.0395 

1250. 

59.003 

134.640 

51643. 

-93.322 

12.0395 

(2  siama) 

0.615 

0.539 

151. 

0.545 

0.0053 

1300. 

59.625 

136.967 

54613. 

-94.955 

12.0395 

1350. 

60.279 

139.229 

57611. 

-96.554 

12.0395 

1400. 

60.965 

141.433 

50641. 

-98.118 

12.0395 

1450. 

51.686 

143.535 

63708. 

-99.649 

12.0395 

1500. 

62.442 

145.539 

56811. 

-101.149 

12.0395 

(2  sigma) 

1.702 

0.571 

293. 

0.543 

0.0053 

1550. 

63.233 

147.749 

69952. 

-102.519 

12.0395 

1600. 

54.060 

149.770 

73135. 

-104.061 

12.0395 

1650. 

64.923 

151.754 

76359. 

-105.476 

12.0395 

1700. 

55.824 

153.706 

79627. 

-106.366 

12.0395 

1750. 

56.762 

155.627 

32942. 

-108.232 

12.0395 

(2  sigma) 

3.433 

0.780 

869. 

0.545 

0.0053 

lauO. 

07.738 

157.522 

86304. 

-109.575 

12.0395 

U sigma; 

3.854 

O.a5o 

1045. 

0.547 

0.0U53 
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Table  95.  Thermochemical  properties  of  wustite,  Fe  q470,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  tne  thermochemical 
values  relative  to  the  elements.  The  properties  relative  to 
the  oxides  were  unavailable.  Refer  to  Section  1.5.5  for 
detai 1 s. 


Formation  from  the 

Elements 

Formation 

from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J /mol 

200. 

-266038. 

-251586. 

65.708 

m M m 

— — 

— _ 

250. 

-265860. 

-247984. 

51.813 

— 

— 

— 

(2  sigma) 

621. 

492. 

0.103 

— 

- — 

— 

273.150 

-265661. 

-246337. 

47.107 

— 

— 

— 

298.150 

-265416. 

-244579. 

42.849 

— 

— 

— 

(2  sigma) 

621. 

468. 

0.082 

— 

— 

— 

300. 

-265397. 

-244450. 

42.562 

— 

— 

— 

350. 

-264885. 

-240999. 

35.967 

— 

— 

— 

400. 

-264395. 

-237621. 

31.030 

— 

— 

— 

450. 

-263942. 

-234301. 

27.197 

— 

— 

— 

500. 

-263527. 

-231031. 

24.136 

— 

— 

— 

(2  sigma) 

522. 

371. 

0.039 

— 

— 

— 

550. 

-263147. 

-227800. 

21.635 

— 

— 

— 

600. 

-262802. 

-224602. 

19.553 

— 

— 

— 

650. 

-262495. 

-221431. 

17.794 

— 

— 

— 

700. 

-262234. 

-218283. 

16.288 

— 

— 

— 

750. 

-262030. 

-215151. 

14.984 

— 

— 

— 

U sigma) 

618. 

2b7. 

0.019 

— 

— 

— 

800. 

-261898. 

-212030. 

13.844 

— 

— 

— 

880. 

-261850. 

-2U8915. 

12.838 

— 

— 

— 

900. 

-261924. 

-205800. 

11.944 

— 

— 

— 

950. 

-262125. 

-202677. 

11.144 

— 

— 

— 

1000. 

-262485. 

-199540. 

10.423 

— 

— 

— 

(2  sigma) 

614. 

208. 

0.011 

— 

— 

— 

1050. 

-263647. 

-196375. 

9.769 

— 

— . 

— 

1100. 

-263987. 

-193163. 

9.173 

— 

— 

— 

1150. 

-264114. 

-139940. 

8.627 

— 

— 

— 

1200. 

-264831. 

-186704. 

8.127 

— 

— 

— 

1250. 

-264409. 

-183458. 

7.666 

— - 

— 

— 

(2  sigma) 

613. 

226. 

0.009 

— 

— 

— 

1300. 

-263981. 

-13C228. 

7.242 

— 

— 

— 

1350. 

-263545. 

-177015. 

6.849 

— 

— 

— 

1400. 

-263098. 

-173818. 

6.485 

— 

— 

— 

1450. 

-262640. 

-170638. 

6.147 

— 

— 

— 

1500. 

-262167. 

-167473. 

5.832 

— 

— 

— 

(2  sigma) 

673. 

308. 

0.011 

— 

— 

— 

1550. 

-261679. 

-164325. 

5.538 

— 

— 

— 

1600. 

-261172. 

-161192. 

5.262 

— 

— 

— 

1650. 

-260644. 

-153076. 

5.004 

— 

— 

— 

1700. 

-260983. 

-154959. 

4.761 

— 

— 

1750. 

-26U575. 

-151847. 

4.532 

— 

— 

— 

(2  sigma) 

1084. 

429. 

0.013 

— 

— 

— 

1800. 

-260146. 

-148746. 

4.317 

— 

— 

— 

(2  sigma) 

1236. 

459. 

0.013 

— 

••• 
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Table  96.  Tnermophysical  values  for  ferrosilite,  FeSi03,  at  1.01325  oars 
(1  atm).  The  taoulations  are  based  on  a fit  of  the 
tnermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H— H (298 ) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

V 

cm3 /mol 

200. 

41.373 

69.753 

-6577. 

-102.635 

32.8694 

250. 

69.252 

82.360 

-3726. 

-97.265 

32.9300 

(2  sigma) 

5.802 

2.358 

201. 

2.232 

0.0376 

273.150 

77.404 

88.863 

-2025. 

-96.276 

32.9580 

298.150 

84.327 

95.952 

0. 

-95.952 

32.9883 

(2  sigma) 

3.005 

2.235 

0. 

2.235 

0.0352 

300. 

84.778 

96.475 

156. 

-95.954 

32.99  06 

350. 

94.685 

110.339 

4659. 

-97.026 

33.0511 

400. 

101.577 

123.457 

9575. 

-99.518 

33.1117 

450. 

106.696 

135.730 

14788. 

-102.868 

33.1722 

500. 

110.699 

147.187 

20226. 

-106.734 

33.2328 

(2  sigma) 

2.137 

1.667 

381. 

2.105 

0.0310 

550. 

113.956 

157.895 

25845. 

-110.903 

33.2933 

600. 

116.691 

167.931 

31613. 

-115.242 

33.3539 

650. 

119.046 

177.366 

37508. 

-119.661 

33.4145 

700. 

121.114 

186.266 

43513. 

-124.104 

33.4750 

750. 

122.955 

194.686 

496  1 6. 

-128.531 

33.5356 

(2  sigma) 

1.681 

1.315 

791. 

1.832 

0.0405 

800. 

124.616 

202.675 

55806. 

-132.918 

33.5961 

850. 

126.126 

210.276 

62075. 

-137.246 

33.6567 

900. 

127.509 

217.525 

63416. 

-141.506 

33.7173 

950. 

128. 782 

224.453 

74824. 

-145.691 

33.7773 

1000. 

129.957 

231.089 

81293. 

-149.796 

33.8384 

(2  sigma) 

1.651 

1.291 

1064. 

1.627 

0.0538 

1050. 

131.045 

237.456 

87818. 

-153.820 

33.8989 

1100. 

132.053 

243.576 

943  96. 

-157.762 

33.9595 

1150. 

132.987 

249.467 

101022. 

-161.622 

34.0200 

1200. 

133.853 

255.146 

107694. 

-165.401 

34.0806 

1250. 

134.653 

260.626 

114407. 

-169.101 

34.1412 

(2  sigma) 

1.842 

1.401 

1282. 

1.503 

0.0800 

1300. 

135.391 

265.922 

121158. 

-172.723 

34.20  1 7 

1350. 

136.070 

271 . 044 

127945. 

-176.271 

34.2623 

1400. 

136.692 

276.004 

134764. 

-179.744 

34.3228 

1450. 

137.258 

280.311 

141613. 

-183.147 

34.3834 

1500. 

137.770 

285.473 

148439. 

-186.481 

34.4440 

(2  sigma) 

1.750 

1.556 

1511. 

1.440 

0.1024 

1550. 

138.230 

289.998 

155389. 

-189.747 

34.5045 

1600. 

138.637 

294.394 

162311. 

-192.949 

34.5651 

1650. 

138.994 

298.665 

169252. 

-196.088 

34.6256 

1700. 

139.301 

302.819 

176210. 

-199.167 

34.6862 

1750. 

139.558 

306.861 

183181. 

-202.136 

34.7467 

(2  sigma) 

1.912 

1.675 

1716. 

1.418 

0.1253 

ioOO. 

139.767 

310.796 

190155. 

-205.149 

34.30  73 

(2  sigma) 

2.095 

1.691 

1752. 

1.417 

0.1299 
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Table  97.  Thermochemical  properties  of  ferrosilite,  FeSiO.,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  thermochemical 
values  relative  to  the  elements.  The  properties  relative  to 
the  oxides  were  unavailable.  Refer  to  Section  1.5.5  for 
detail s. 


Formation  from  the  Elements 

Formation 

from 

the  Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200.000 

-1192120. 

-1142467. 

298.382 

... 

... 

250.000 

-1193767. 

-1129829. 

236.065 





— 

(2  sigma) 

1457. 

961. 

0.201 

— 

— 

... 

273.150 

-1194100. 

-1123892. 

214.922 

— 

— 

... 

298. 15U 

-11942  86. 

-1117457. 

195.774 

— 

— 

— 

(2  sigma) 

146U. 

875. 

0.153 

— 

— 

— 

3UU.00U 

-1194294. 

-1116981. 

194.483 

— 

... 

— 

35U.OUO 

-1194312. 

-1104U89. 

lb4. 776 

— 

— 

.... 

40U.U0U 

-1194069. 

-1091214. 

142.498 

... 

... 

... 

45U.QU0 

-1193678. 

-1078379. 

125.175 

— - 

— 



5UQ.OUO 

-1193191. 

-1065594. 

111.322 

— - 

... 

— ... 

(2  sigma) 

1283. 

585. 

0.061 

— 

... 

... 

550.000 

-1192641. 

-1052860. 

99.992 

— 

— 

... 

600.000 

-1192050. 

-1040179. 

90.556 

— 

... 

... 

650.000 

-1191437. 

-1027548. 

82.575 

... 

— 

700.000 

-1190821. 

-1014964. 

75.737 

— 



... 

750.000 

-1190223. 

-1002424. 

59.815 

— 

• 

— 

(2  sigma) 

1077. 

458. 

0.032 

— 

— 

— 

800.000 

-1189666. 

-989922. 

64.635 

— 

— 

— 

850.000 

-1189175. 

-977454. 

60.067 

— 

— 

— 

900.000 

-1188777. 

-965012. 

56.008 

... 

... 

... 

950.000 

-1188500. 

-952588. 

52.377 

— 

— 

... 

1000.000 

-1188376. 

-940176. 

49.110 

— 

... 

— 

(2  sigma) 

1014. 

579. 

0.030 



— 

1050.000 

-1189090. 

-927760. 

46.154 

— 

— 

— 

1100.000 

-1188928. 

-915319. 

43.465 

— 

... 

— 

1150.000 

-1188540. 

-902890. 

41.011 

— 

— 

— 

1200.000 

-1188776. 

-890470. 

38.761 

... 

... 

... 

1250.000 

-1187813. 

-878061. 

36.692 

— 

— 

(2  sigma) 

1118. 

840. 

0.035 

— 

— 

— 

13QU.0OU 

-1186853. 

-865689. 

34.784 

— 

- — 

... 

1350. UUU 

-1185898. 

-853355. 

33.018 

... 

— 

140U.UU0 

-1184947. 

-841056. 

31.380 

— 

— 



145U.UUU 

-1184004. 

-828791. 

29.856 

— 

— 

15UU.UU0 

-1183069. 

-816558. 

28.435 

— 

— 

... 

(2  siyma) 

1358. 

1159. 

0.U41 

— 

— 

... 

1550.000 

-1182145. 

-804356. 

27.107 

- — 

... 

... 

1600.000 

-1181232. 

-792184. 

25.862 

— - 

— 

— 

1650.000 

-1130332. 

-780041. 

24.694 

— 

— 

— 

1700.000 

-1230894. 

-767456. 

23.531 

— - 

... 

— 

1750.000 

-1230053. 

-753838. 

22.501 

— 

— 

... 

(2  sigma) 

1603. 

1542. 

0.046 

— 

— 

— 

1800.000 

-1229242. 

-740243. 

21.481 

— 

... 

— 

(2  sigma) 

1646. 

1620. 

0.047 

— - 

... 

ij 
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~aole  98.  Themophysical  values  for  hematite,  Fe^O,,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fit  of  the  themophysical 
and  theraochem'ical  data  given  in  Section  1.5.5. 


K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

[ G — « ( 2 98 ) ] /T 
J/(mo1  K) 

V 

cm3/mcl 

20C. 

76.761 

51.370 

-3965. 

-96.193 

30.1601 

250. 

92.138 

70.206 

-4730. 

-89.125 

30.2137 

(2  sigma) 

0.116 

0.320 

5. 

0.319 

0.02  08 

273. 15u 

98. 132 

78.533 

-2526. 

-87.880 

30.2453 

298. 15U 

103.801 

87.477 

0. 

-87.477 

30.2751 

12  sigmaj 

0.109 

0.319 

0. 

0.319 

0.0131 

30O. 

Ilk.  190 

88.121 

192. 

-87.479 

30.2772 

350. 

113.284 

104.397 

5640. 

-88.783 

30.3358 

4U0. 

120.215 

120.497 

11485. 

-91.785 

30.3944 

450. 

125.694 

134.983 

17637. 

-95.789 

30.4530 

500. 

130.279 

148.470 

24039. 

-100.391 

30.5116 

(2  sigma) 

0.275 

0.332 

39. 

0.320 

0.0346 

550. 

134.398 

161.082 

30657. 

-105.341 

30.5702 

500. 

138.380 

172.947 

37477. 

-110.485 

30.6287 

550. 

142.478 

184.184 

44497. 

-115.725 

30.5373 

700. 

146.389 

194.901 

51730. 

-121.001 

20.7459 

750. 

151.771 

205.199 

59194. 

-126.273 

30.3045 

[1  sigma) 

0.374 

0.370 

104. 

0.324 

0.0719 

300. 

157.250 

215.156 

56917. 

-131.519 

30.8631 

350. 

163.427 

224.380 

74931. 

-136.726 

30.9217 

900. 

170.385 

234.415 

33273. 

-141.889 

30.9802 

950. 

178.195 

243.332 

91984. 

-147.007 

31.03  88 

955.500 

179.108 

244.363 

92955. 

-147.568 

31.0453 

955.500 

159.010 

246.970 

94979. 

-147.568 

31.03  38 

1000. 

150.364 

254. C02 

101351. 

-152.150 

31.0974 

(2  sigma) 

0.324 

1.247 

1179. 

0.330 

0.1111 

1050. 

143.591 

251.165 

109191. 

-157.173 

31.1550 

1100. 

139.445 

257.743 

116261. 

-162.052 

31.2146 

1150. 

137.000 

273.382 

123166. 

-166.782 

31.2732 

1200. 

135.880 

279. 585 

129983. 

-171.366 

31.3317 

1250. 

135.720 

285.226 

136770. 

-175.811 

31.2902 

(2  sigma) 

2.388 

1.254 

1201. 

0.417 

0. 1508 

13uU. 

136.238 

290. 558 

1435oo. 

-180.122 

31 . 44a9 

1350. 

137.217 

295.716 

150401. 

-184. 308 

31.5075 

1400. 

138.487 

300.729 

157293. 

-138.377 

31. 5ooi 

1450. 

139.919 

305.613 

164252. 

-192.336 

31.6247 

1500. 

141.408 

310.382 

171286. 

-196.192 

31.5332 

(2  sigma) 

2.464 

1.363 

1420. 

0.530 

0.1906 

1550. 

142.376 

315.043 

178393. 

-199.351 

31.7413 

1500. 

144.261 

319.501 

185572. 

-203.519 

31.3004 

1550. 

145.516 

324.360 

192817. 

-207.201 

31.3590 

17C0. 

146.503 

328.420 

200121. 

-210.702 

31.9176 

1750. 

147.456 

332.534 

207474. 

-214.127 

31.9752 

(2  sioma) 

2.380 

1.509 

1731. 

0.535 

0.22C6 

1300. 

148.173 

336.349 

214867. 

-217.473 

32.0247 

(2  s’gma) 

2.297 

1.534 

1792. 

0.655 

0.2236 
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Table  99.  Thermochemical  properties  of  hematite,  Fe^O-,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thSrmocnemical  values 
relative  to  the  elements.  The  properties  relative  to  the 
oxiaes  were  unavail aole.  Refer  to  Section  1.5.5  for  aetails. 


Formation  from  the 

£1 ements 

Formation 

from 

the  Oxides 

T 

H 

G 

log  K 

H 

G 

log  < 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-826463. 

-772215. 

201.632 

... 

... 

250. 

-327343. 

-758517. 

153.483 

— 

— 

— 

(2  sigma) 

1071. 

1043. 

0.213 

— 

— 

— 

273.150 

-827329. 

-752143. 

143.333 

— 

— 

- — 

298. 150 

-327148. 

-745259. 

130.568 

... 

— 

— 

(2  sigma) 

1071. 

1038. 

0.182 

— 

- — 

— 

300. 

-327130. 

-744761. 

129.674 

— 

— 

— 

350. 

-325439. 

-731083. 

109.108 

— 

— 

— 

400. 

-825515. 

-717522. 

93.699 

— 

— 

— 

450. 

-324460. 

-704085. 

31.728 

— 

— 

— 

500. 

-823316. 

-690770. 

72.164 

— 

— 

— 

(2  sigma) 

1075. 

1019. 

0.106 

— - 

— 

— 

550. 

-322101. 

-677574. 

64.351 

— 

— 

— 

500. 

-320821. 

-664491. 

57.849 

... 

— 

— 

550. 

-319478. 

-651518. 

52.357 

— 

— 

— 

700. 

-318075. 

-633650. 

47.557 

— 

— 

— 

750. 

-315612. 

-625884. 

43.590 

— 

— 

— 

(2  sigma) 

Iu86. 

999. 

0.070 

— 

— 

— 

800. 

-315094. 

-613218. 

40.039 

— 

— 

— 

85U. 

-313526. 

-600649. 

36.911 

— 

... 

— 

Sou. 

-811915. 

-538173. 

34.137 

— 

~ 

— 

9bU. 

-8102 66. 

-575788. 

31.oo9 

— 

— 

— 

956. bUO 

-81UU83. 

-574431. 

31. 403 

— 

— 

- — 

9b5. 

-808079. 

-574553. 

31.425 

— 

— 

iuuu. 

-807851. 

-563557. 

29.437 

— 

— 

lOou. 

-309714. 

-551322. 

27.427 

— 

— 

— 

1100. 

-310166. 

-539UG6. 

25.595 

— 

— 

— 

1150. 

-3  1 03  95. 

-526675. 

23.922 

— 

— 

— 

1200. 

-312019. 

-514315. 

22.388 

— 



— 

1250. 

-311332. 

-501925. 

20.974 

— 

— 

— 

(2  signa) 

2035. 

778. 

0.032 

— 

— 

— 

1300. 

-310691. 

-489561. 

19.671 

— 

— 

— 

1350. 

-81  00  65. 

-477222. 

18.465 

— 

— 

— 

1-100. 

-30  94  3 5. 

-464906. 

17.346 

... 

— 

— 

1450. 

-308789. 

-452613. 

16.305 

— 

— 

— 

1500. 

-308120. 

-440342. 

15.334 

— 

— 

— 

(2  sigma) 

2195. 

594. 

0. 024 

— 

— 

— 

1550. 

-307427. 

-428094. 

14.427 

— 

— - 

— 

1600. 

-806712. 

-415869. 

13.577 

— 

— 

— 

1550. 

-305978. 

-403666. 

12.779 

— 

— 

— 

1700. 

-307109. 

-391450. 

12.023 

— 

... 

— 

1750. 

-306712. 

-379231. 

11.319 

— 

— 

— 

(2  siqma) 

2419. 

766. 

0.023 

— 

— 

— 

1300. 

-806334. 

-367023. 

10. 651 

— 

- — 

— 

(2  sigma) 

2465. 

801. 

0.023 

— 

— 

— 

^2  sigma; 

... 

... 

... 
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Tdole  1UU.  Thermophysical  values  for  fayalite,  Fe-SiQ,,  at  1.01325  oars 
(1  atm).  The  tabulations  are  based  an  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H(298)  [G-H(298)]/T  V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cm3/mol 


200. 

102.407 

250. 

118.884 

(2  sigma) 

0.193 

273.150 

125.550 

298.150 

131.991 

(2  sigma) 

0.167 

300. 

132.437 

350. 

143.065 

400. 

151.313 

450. 

157.747 

500. 

162.797 

(2  sigma) 

0.470 

550. 

166.321 

500. 

170.088 

650. 

172.811 

700. 

175.155 

750. 

177.253 

(2  sigma) 

0.929 

3UU. 

179. 21U 

850. 

181.113 

90U. 

183.033 

950. 

185. U28 

10U0. 

187.147 

(2  sigma) 

0.990 

1050. 

189.431 

1100. 

191.917 

1150. 

194.633 

1200. 

197.605 

1250. 

200.357 

(2  sigma) 

4.041 

1300. 

204.406 

1350. 

208.271 

1400. 

212.466 

1450. 

217.005 

1500. 

221.898 

(2  sigma) 

10.553 

1550. 

227.157 

1600. 

232.791 

1650. 

238.308 

1700. 

245.216 

1750. 

252.021 

(2  sigma) 

20.446 

1300. 

259.230 

(2  sigma) 

22.341 

104.772 

-11594, 

129.437 

-6051, 

1.072 

9, 

140.262 

-3221 

151.540 

0, 

1.072 

0, 

152.353 

245, 

173.606 

7143, 

193.271 

14512, 

211.481 

22245, 

228.373 

30263, 

1.079 

54, 

244.085 

38507 

258.745 

46933, 

272.470 

55507, 

285.364 

64208, 

297.521 

73019 

1.121 

202 

309. U24 

31931 

319.945 

90939 

33U.352 

100042 

340.301 

109243 

349,845 

118547 

1.174 

350, 

359.030 

127961 

367.399 

137493, 

375.489 

147156, 

384.834 

156961 

392.966 

166921 

1.176 

521 

400.912 

177052 

408.598 

187367 

416.347 

197384, 

423.881 

208620, 

431.319 

219591 

1.796 

2066 

438.680 

230815 

445.980 

242313, 

453.234 

254101 

460.457 

256  2 00 

467.663 

273629 

3.837 

5795 

474.363 

291409 

4.415 

6865 

-162.740 

46.0018 

-153.643 

46.0761 

1.072 

0.0331 

-152.053 

46.1105 

-151.540 

46.1477 

1.072 

0.0309 

-151.543 

46.1505 

-153.196 

46.2248 

-156.993 

46.2991 

-162.048 

46.3734 

-167.846 

46.4477 

1.072 

0.0224 

-174.071 

46.5220 

-180.524 

46.5964 

-187.074 

46.6707 

-193.639 

46.7450 

-200.163 

46.3193 

1.074 

0.0171 

-205.611 

46.8936 

-212.959 

46.9679 

-219.194 

47.0423 

-225.308 

47.1166 

-231.298 

47.1909 

1.082 

0.0216 

-237.163 

47.2652 

-242.905 

47.3395 

-248.527 

47.4138 

-254.034 

47.4882 

-259.429 

47.5625 

1.088 

0.0321 

-254.713 

47.6363 

-259.907 

47.7111 

-275.001 

47.7854 

-230. C05 

47.3597 

-234.925 

47.9341 

1.090 

0.0445 

-289.766 

48.0084 

-294.534 

48.0827 

-299.233 

48.1570 

-303.869 

43.2313 

-308.446 

48.3056 

1.153 

0.0576 

-312.969 

48.3800 

1.189 

0.0602 
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Table  101.  Thermochemical  properties  of  fayalite,  Fe-SiO^,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  tne  thermochemical 
values  relative  to  the  elements.  The  properties  relative  to 
the  oxides  were  not  available.  Refer  to  Section  1.5.5  for 
details. 


Formation  from  the 

El ements 

Formation 

from 

the  Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200.000 

-1477912. 

-1412670. 

368.951 

— — ^ 

250.000 

-1479058. 

-1396195. 

291.719 

— 

— 

— 

(2  sigma) 

1381. 

1147. 

0.240 

— 

— 

— 

273.150 

-1479189. 

-1388515. 

265.526 

— 

— 

— 

298.150 

-1479168. 

-1380216. 

241.808 

— 

— 

— 

(2  sigma) 

1380. 

1104. 

0.193 

— 

— 

— 

3UU.0UU 

-1479161. 

-1379602. 

240.210 

— 

— 

... 

3SG.UUU 

-1478792. 

-1363033. 

203.421 

— 

— 

4UU.GU0 

-1478182. 

-1346536. 

175.839 

— 



— 

450. UUO 

-1477436. 

-1330123. 

154.397 

— 

- 

... 

500. 000 

-1476611. 

-1313799. 

137.252 



— 

... 

(2  sigma) 

1387. 

931. 

0.097 

— 

— 

... 

550.000 

-1475744. 

-129756U. 

123.232 

... 

— 

... 

600.000 

-1474866. 

-1281400. 

111.556 

... 

... 

650.000 

-1474007. 

-1265313. 

101.682 

• 



... 

700.000 

-1473201. 

-1249290. 

93.223 

— 

... 

... 

750.000 

-1472482. 

-1233322. 

85.896 

— 

— 

— 

(2  sigma) 

1423. 

739. 

0.051 

— 

— 

— 

800.000 

-1471887. 

-1217398. 

79.488 

— 

— 

— 

850.000 

-1471458. 

-1201507. 

73.836 



— 

— 

900.000 

-1471237. 

-1185635. 

68.812 

— 

— 

— 

950.000 

-1471270. 

-1169769. 

64.318 

— 

— 

— 

1000.000 

-1471604. 

-1153893. 

60.273 

— . 

— 

— 

(2  sigma) 

1469. 

602. 

0.031 

— 

— 

— 

1050.000 

-1473595. 

-1137982. 

56.611 

— 

— 

— 

1100.000 

-1473800. 

-1121993. 

53.279 

— 

— 

1150.000 

-1473501. 

-1106007. 

50.236 

— 

— 

— 

1200.000 

-1474380. 

-1090020. 

57.447 

— 

— 

1250.000 

-1472774. 

-1074038. 

44.882 

— 

— 

— 

(2  sigma) 

1483. 

484. 

0.024 

— 

— 

— 

1300.000 

-1471064. 

-1058121. 

42.516 

— 

— 

— 

1350.000 

-1469233. 

-1042273. 

40.328 

— 

— 

— 

140U. 000 

-1467264. 

-1U26496. 

38.299 

— 

— 

— 

1450. UUO 

-1465137. 

-1010791. 

36.413 

— 

— 

— 

IdUU.UUO 

-1462834. 

-995163. 

34.655 

— - 

— - 

— 

(2  sigma) 

24U8. 

713. 

0.025 

— 

— 

— 

1550. UUU 

-146U335. 

-979614. 

33.U13 

— 

— 

— 

louO.UOU 

-1457621. 

-964150. 

31.476 

— 

— 

— 

1650.000 

-1454670. 

-948774. 

30.036 

— 

— 

— 

1700.000 

-1503849. 

-933005. 

28.668 

— - 

— 

... 

1750.00U 

-1500572. 

-916263. 

27.349 

— 

— 

— 

(2  sigma) 

5853. 

1162. 

0.035 

— 

— 

— 

1800.000 

-1497006. 

-899618. 

26.106 

— 

— 

— 

(2  sigma) 

6897. 

1328. 

0.039 

— 

— 

... 
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Table  102.  Thermophysical  values  for  magnetite,  Fe^O^,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fTt  of  the 
thermophysical  'and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H(298)  [G-H(298)]/T  V 

K J/(mol  K)  J/(mol  1C)  J/mol  J/(mol  '<)  cm3/mol 


200. 

117.048 

250. 

135.804 

(2  sigma) 

0.196 

273.150 

143.597 

298. 150 

151.081 

(2  sigma) 

0.174 

300. 

151.598 

350. 

162.830 

400. 

173.572 

45U. 

182.011 

500. 

190.153 

(2  sigma) 

0.646 

550. 

198.796 

600. 

208.567 

550. 

219.955 

700. 

233.348 

750. 

249.053 

(2  sigma) 

1.054 

800. 

267.320 

848. £00 

287.678 

848.500 

248.927 

850. 

248.205 

900. 

229.055 

950. 

217.256 

1000. 

210.378 

(2  sigma) 

1.254 

1050. 

206.725 

lioc. 

205.108 

1150. 

204. 704 

1200. 

204.944 

1250. 

205.442 

(2  siyma) 

5.143 

13UU. 

205.943 

1350. 

206.306 

1400. 

206.429 

1450. 

206.282 

1500. 

205.367 

(2  sigma) 

5.169 

1550. 

205.208 

1600. 

204.353 

1650. 

203.353 

1700. 

202.229 

1750. 

201.220 

(2  sigma) 

3.702 

1800. 

200.223 

(2  sigma) 

3.635 

92.578 

-13247, 

120.733 

-6921, 

0.504 

8, 

133.106 

-3685, 

146.011 

0, 

0.503 

0. 

146.947 

280, 

171.275 

8179 

193.808 

16621 

214.747 

25514, 

234.344 

34818, 

0.522 

67, 

252.866 

44538. 

270.572 

54716, 

287.704 

65422, 

304.481 

76745, 

321.102 

88795, 

0.638 

235. 

337.744 

101693, 

354.058 

115141 

354.718 

115701, 

355.157 

116074, 

368.760 

127968, 

380.801 

139101 

391.753 

149775, 

2.788 

2346, 

401.918 

160192 

411.492 

170482 

420.597 

180723, 

429.313 

190963. 

437.689 

201222 

2.924 

2536 

445.756 

211507 

453.536 

221814, 

461.042 

232134 

468.284 

242453 

475.271 

252757, 

3.314 

3246, 

482.011 

263035, 

488.514 

273275 

494.787 

2834  68, 

500.842 

293609, 

506. 690 

303697 

3.631 

3897 

512.345 

313733, 

3. 563 

3970 

-158.815 

44.480  6 

-148.417 

44.5025 

0.503 

0.0149 

-146.598 

44.5127 

-146.011 

44.5236 

0.503 

0.0159 

-146.014 

44.5244 

-147.907 

44.5463 

-152.254 

44.5683 

-158.048 

44.5902 

-164.708 

44.6121 

0.503 

0.0615 

-171.888 

44.6340 

-179.378 

44.6559 

-187.055 

44.6773 

-194.845 

44.6998 

-202.708 

44.7217 

0.510 

0.1256 

-210.628 

44.7436 

-218.359 

44.7648 

-218.359 

44.542  0 

-218.600 

44.5420 

-226.573 

44.5420 

-234.379 

44.5420 

-241.977 

44.5420 

0.650 

— 

-249.354 

A4.542Q 

-256.509 

44.5420 

-263.446 

44.5420 

-270.177 

44.5420 

-276.711 

44.5420 

1.012 

— 

-283.059 

44.5420 

-289.230 

44.542  0 

-295.232 

44.5420 

-301.076 

44  . 5420 

-306. 766 

44.5420 

1.321 

— 

-312.311 

44.5420 

-317.717 

44.5420 

-322.988 

44.5420 

-323.130 

44.5420 

-333.149 

44.5420 

1.593 

— 

-338.049 

-14.5420 

1.643 

— - 
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Taole  103.  Thermochemical  properties  of  magnetite,  Fe^Q,,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements.  The  properties  relative  to  the 
oxides  were  not  available.  Refer  to  Section  1.5.5  for 
details. 


Formation  from  the 

Elements 

Formation 

from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-1116758. 

-1048153. 

273.749 

— — — 

m m M 

... 

250. 

-1117732. 

-1030843. 

215.383 

— 

— 

— 

(2  sigma) 

888. 

828. 

0.173 

— 

— 

... 

273.150 

-1117613. 

-1022800. 

195.591 

— 

— 

... 

298.150 

-1117262. 

-1014137. 

177.672 

— 

— 

... 

(2  sigma) 

887. 

818. 

0.143 

— 

— - 

— 

300. 

-1117229. 

-1013497. 

176.465 

— 

— - 

— 

350. 

-1116096. 

-996292. 

148.688 

— 

... 

... 

400. 

-1114659. 

-979273. 

127.880 

— 



... 

450. 

-1113030. 

-962446. 

111.718 

— 

— 

500. 

-111.122b. 

-945809. 

98.808 

— 

— - 

... 

(2  sigma; 

397. 

783. 

0.082 

— 

— - 

550. 

-1109216. 

-929363. 

88.263 

— 

— 

- — 

bUU. 

-110694a. 

-913110. 

79.493 

— 

— 

... 

550. 

-1104355. 

-89706U. 

72.089 

— 

— 

... 

700. 

-1101356. 

-881224. 

65.758 

— 

— 



750. 

-1097905. 

-865617. 

60.287 

— 

... 



(2  sigma) 

944. 

750. 

0.052 

— 

— 

... 

300. 

-1093896. 

-350258. 

55.516 

— 

— 

— 

348.500 

-1089411. 

-335618. 

51.442 

— 

... 

... 

348. 

-1088882. 

-835767. 

51.481 

— 

... 

... 

850. 

-1088762. 

-335170. 

51.323 

— 

- — 

... 

900. 

-1086537. 

-820324. 

47.610 



... 

... 

950. 

-1085570. 

-805566. 

44.293 

— 

— 

... 

1000. 

-1085640. 

-790832. 

41.309 

... 

— 

(2  siona) 

2508. 

841. 

0.044 

> 

... 

1050. 

-1088591. 

-776055. 

38.507 

— 

— 

1100. 

-1089146. 

-761157. 

36.144 

— 

... 

— 

1150. 

-1089164. 

-746247. 

33.896 

— 

— 

— 

1200. 

-1091142. 

-731310. 

31.333 

... 

... 

... 

1250. 

-1089587. 

-716349. 

29.935 

— 

... 

— 

(2  siama) 

2694. 

1325. 

0.055 

— 

— 

1300. 

-1088086. 

-701449. 

28.185 

— 

- — 

— 

1350. 

-1086642. 

-686606. 

26.566 

— 

- — 

1400. 

-1085263. 

-671316. 

25.066 

— 

- — 

— 

1450. 

-10839o0. 

-657073. 

23.670 

— 

- — 

— 

1 5U0. 

-1082747. 

-642373. 

22.369 

— 

— 

— 

(2  sigma) 

33 3u. 

1985. 

0.U69 

. — 

— 

... 

155U. 

-1U81634. 

-627713. 

21.154 

— 

... 

— 

loUU. 

-1080631. 

-oljua7. 

20.015 

— 



— 

16aU. 

-iu7974o. 

-59e490. 

18.947 

— 

— 

— 

1700. 

-1031797. 

-583804. 

17.940 

— 

... 

... 

1750. 

-1081 o82. 

-569221. 

16.990 

— 

— 

... 

(2  sigma) 

4013. 

2763. 

0.082 

— 

— 

— 

1300. 

-1081708. 

-554530. 

16.093 

— 



— 

(2  sigma) 

4084. 

2929. 

0.085 

... 

— 
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Table  104.  Thenriopnysical  values  for  the  element  hydrogen  (H~)  at 
1.01 325  oars  (1  atm).  The  sources  of  data  are  given  in 
Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K ) 

H-H(298) 

J/mol 

[G-H(298)]/T 
J/(mol  K) 

V 

cm3/mol 

200. 

25.971 

119.495 

-2731. 

-133.152 

... 

250. 

28.057 

125.552 

-1372. 

-131.041 

- — 

(2  sigma) 

— 

— 

— 

— 

— 

273.15 

23.513 

128.053 

-717. 

-130.683 

— 

298.15 

28.822 

130.570 

-0. 

-130.570 

— 

(2  sigma) 

— 

— 

— 

— 

— 

300. 

23.339 

130.748 

53. 

-130.570 

— 

350. 

29.127 

135.219 

1504. 

-130.923 

— 

400. 

29.221 

139.115 

2963. 

-131.709 

— 

450. 

29.244 

142.559 

4425. 

-132.727 

— 

500. 

29.250 

145.641 

5837. 

-133.367 

— 

(2  sigma) 

— - 

— 

— 

— 

— 

550. 

29.263 

148.429 

7350. 

-135.066 

— 

500. 

29.293 

150.977 

3814. 

-136.287 

— 

550. 

29.345 

153.323 

10230. 

-137.509 

— 

700. 

29.417 

155.500 

11743. 

-138.717 

— 

750. 

29.511 

157.533 

13222. 

-139.904 

— 

(2  sigma) 

— 

— 

— 

— 

— 

8UU. 

29.623 

159.441 

14700. 

-141.066 

— 

bbu. 

29.751 

151.241 

16134. 

-142.201 

— 

9UU. 

29.895 

162. 945 

17575. 

-143.306 

— 

you. 

30.052 

lo4. 566 

19174. 

-144.383 

— 

1000. 

30.220 

166.112 

20661. 

-145.431 

— 

(2  sigma) 

— 

— 

— 

— 

— 

iubu. 

30.397 

167.590 

22196. 

-146.451 

1100. 

30.584 

169.009 

23720. 

-147.445 

— 

1150. 

30  . 777 

170.372 

25254. 

-148.412 

— 

1200. 

30.975 

171.686 

26798. 

-149.354 

— 

1250. 

31.179 

172.955 

28352. 

-150.273 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

31.337 

174.182 

29916. 

-151.169 

— 

1350. 

31.597 

175.370 

31491. 

-152.044 

— 

1400. 

31.810 

176.523 

33076. 

-152.398 

— 

1450. 

32.024 

177.543 

34672. 

-153.732 

— 

1500. 

32.239 

178.733 

36273. 

-154.547 

— 

(2  s^gma) 

— 

— 

— 

— 

— 

1550. 

32.455 

179.793 

37896. 

-155.344 

— 

1600. 

32.670 

180.827 

39524. 

-156.125 

— 

1550. 

32.385 

131.836 

41163. 

-156.383 

— 

1700. 

33.099 

182.320 

42312. 

-157.637 

— 

1750. 

33.311 

183.783 

44473. 

-153.370 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1800. 

33.522 

184.724 

46143. 

-159.039 

— 

(2  sigma) 

... 
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Table  105.  Therm ochemi cal  properties  of  the  element  hydrogen  (H-)  at 
1.01325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


T 

K 

Formation  from  the  i 

H G 

J/mol  J/mol 

Elements 
log  K 

Formation  from  the 

H G 

J/mol  J /mol 

Oxides 
log  K 

2UU. 

U. 

u. 

0. 

25u. 

0. 

0. 

0. 

— - 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

273.15 

0. 

0. 

0. 

— 

— 



29B. 15 

0. 

0. 

0. 

— 

— - 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

300. 

0. 

0. 

0. 

— 

— 

— 

350. 

0. 

0. 

0. 

— 

— 

— 

400. 

0. 

0. 

0. 

— 

— 

— 

450. 

0. 

0. 

0. 

— 

— 

— 

500. 

0. 

0. 

0. 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

550. 

0. 

0. 

0. 

— 

— 

— „ 

600. 

0. 

0. 

0. 

— 

— 

— 

650. 

0. 

0. 

0. 

— 

— - 

... 

700. 

0. 

0. 

0. 

--- 

- — 

— 

750. 

0. 

0. 

0. 

— - 



— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

800. 

0. 

0. 

0. 

— 

— 

— 

850. 

0. 

0. 

0. 



— 

— 

900. 

0. 

0. 

0. 

— 

— 

— 

950. 

0. 

0. 

0. 

— 

— 

— 

1000. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1050. 

0. 

0. 

0. 

— 

— 

— 

HOu. 

0. 

0. 

0. 

— 

- — 

1150. 

0. 

0. 

0. 

— 

— 

— 

12UU. 

0. 

0. 

0. 

— 

— - 

— 

1250. 

u. 

0. 

u. 

— 

— 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1300. 

0. 

0. 

0. 

— 

— 

— 

1350. 

0. 

0. 

0. 

— 

— 

— 

1400. 

0. 

0. 

0. 

— - 

— 

— 

1450. 

0. 

0. 

0. 

— 

— 

— 

1500. 

0. 

0. 

0. 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1550. 

0. 

0. 

0. 

— 

— 

1600. 

0. 

0. 

0. 

— 

— 

— 

1650. 

0. 

0. 

0. 

— 

— - 

— 

1700. 

0. 

0. 

0. 

— 

— 

— 

1750. 

0. 

0. 

0. 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1800. 

0. 

0. 

0. 

— 

— 



(2  sigma) 

0. 

0. 

0. 

— 

— * 

— 
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Table  106.  Thermophysical  values  for  stable  phases  with  the  composition 
H90  at  1.01325  bars  (1  atm).  The  tabulations  are  based  on  a 
fTt  of  the  thermophysical  and  thermochemical  data  given  in 
Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

I.G-H  (298)  J/T 
J/(mol  K) 

V 

cm3 /mol 

273.150 

75.384 

H~0  [liquid]  = 
4 63.307 

water 

-1388. 

-70.218 

0.0000 

298.150 

75.254 

69.921 

0. 

-69.921 

0.0000 

(2  sigma) 

— 

— 

— 

... 

— 

300. 

75.230 

70.386 

139. 

-69.922 

0.0000 

350. 

75.469 

81.981 

3900. 

-70.337 

0.0000 

373.150 

76.003 

86.831 

5653. 

-71.681 

0.0000 

373.150 

34.048 

H,0  [gas] 
196.318 

46509. 

-71.681 

0.0000 

400. 

34.245 

198.691 

47425. 

-80.127 

0.0000 

450. 

34.669 

202.748 

49148. 

-93.530 

0.0000 

500. 

35.154 

206.426 

50893. 

-104.639 

0.0000 

(2  sigma) 

— 

— 

— 

— 

550. 

35.686 

209.801 

52664. 

-114.048 

0.0000 

500. 

36.253 

212.930 

54463. 

-122.159 

0.0000 

650. 

36.846 

215.855 

56290. 

-129.255 

0.0000 

700. 

37.458 

218.608 

58147. 

-135  . 540 

0.0000 

750. 

33.082 

221.213 

60036. 

-141.165 

0.0000 

(2  sigma) 

— 

— 

— 

— 

auu. 

38.715 

223.691 

61956. 

-146.247 

0.0000 

850. 

39.352 

226.057 

63907. 

-150.872 

0. oouo 

9UU. 

39.989 

228.325 

65891. 

-155.113 

0.0000 

9oo. 

4U.o24 

230.504 

67906. 

-159.024 

0.0000 

10UU. 

41.284 

232.604 

69953. 

-162. 650 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— 

1050. 

41.878 

234.632 

72032. 

-166.030 

0.0000 

1100. 

42.494 

236.594 

74141. 

-169.193 

0.0000 

1150. 

43.100 

238.496 

76281. 

-172.165 

0.0000 

1200. 

43.695 

240.343 

78451. 

-174.968 

0.0000 

1250. 

44.278 

242.139 

80650. 

-177.619 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

44.848 

243.887 

32878. 

-130.134 

0.0000 

1350. 

45.404 

245.590 

35135. 

-182.527 

0.0000 

1400. 

45.945 

247.251 

37418. 

-184.309 

0.0000 

1450. 

46.472 

248.372 

89729. 

-186.990 

0.0000 

1500. 

46.982 

250.456 

92065. 

-189.079 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— 

1550. 

47.477 

252.005 

944  2 7. 

-191.084 

0.0000 

1600. 

47.954 

253.520 

96313. 

-193.012 

0.0000 

1650. 

48.415 

255.003 

99222. 

-194.868 

0.0000 

1700. 

48.853 

256.455 

101654. 

-196.658 

0.0000 

1750. 

49.283 

257.377 

104108. 

-193.387 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— 

1800. 

49.689 

259.271 

106582. 

-200.059 

0.0000 

(2  sigma) 

— 

•— 

“ 

— 
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Table  1U7.  Therinochemical  properties  of  staple  phases  with  the 

composition  FLO  at  1.01325  Pars  (1  atm).  Columns  2 through  4 
give  the  thermochemical  values  relative  to  the  elements; 


columns 

5 through  7 

give  the  values  relative 

to  the 

oxides. 

Formation  from  the 

Elements 

Formation 

i from 

the  Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

H-0  [liquid]  = water 

273.150 

-286613. 

-241274. 

46.139 

0.0 

0.0 

0.0 

298.150 

-285808. 

-237160. 

41.549 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

300. 

-285749. 

-236858. 

41.241 

0.0 

0.0 

0.0 

350. 

-284178. 

-228834. 

34.152 

0.0 

0.0 

0.0 

373.150 

-283447. 

-225197. 

31.524 

0.0 

0.0 

0.0 

H,0  [gas] 

373.150 

-242592. 

-225197. 

31.524 

0.0 

0.0 

0.0 

400. 

-242865. 

-223936. 

29.243 

0.0 

0.0 

0.0 

450. 

-243368. 

-221539. 

25.716 

0.0 

0.0 

0.0 

5U0. 

-243861. 

-219088. 

22.888 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

5au. 

-244340. 

-216587. 

20.570 

0.0 

0.0 

0.0 

bou. 

-244804. 

-214043. 

18.634 

0.0 

0.0 

0.0 

550. 

-245251. 

-211462. 

16.993 

0.0 

0.0 

0.0 

700. 

-245081. 

-208846. 

15.584 

0.0 

0.0 

0.0 

750. 

-246093. 

-2U6201. 

14.361 

0.0 

0.0 

0.0 

(2  sigma) 

- — 

— 

— 

0.0 

0.0 

0.0 

800. 

-246488. 

-203528. 

13.289 

0.0 

0.0 

0.0 

850. 

-246864. 

-200832. 

12.342 

O.G 

0.0 

0.0 

900. 

-247224. 

-198113. 

11.498 

0.0 

0.0 

0.0 

950. 

-247566. 

-195375. 

10.742 

0.0 

0.0 

0.0 

1000. 

-247891. 

-192620. 

10.061 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— - 

0.0 

0.0 

0.0 

1050. 

-243200. 

-189849. 

9.444 

0.0 

0.0 

0.0 

1100. 

-248492. 

-187063. 

8.883 

0.0 

0.0 

0.0 

1150. 

-248769. 

-184255. 

8.370 

0.0 

0.0 

0.0 

1200. 

-249031. 

-181455. 

7.899 

0.0 

0.0 

0.0 

1250. 

-249278. 

-178634. 

7.465 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1300. 

-249511. 

-175803. 

7.064 

0.0 

0.0 

0.0 

1350. 

-249730. 

-172964. 

6.692 

0.0 

0.0 

0.0 

1400. 

-249936. 

-170117. 

6.347 

0.0 

0.0 

0.0 

1450. 

-250129. 

-167263. 

6.025 

0.0 

0.0 

0.0 

1500. 

-250310. 

-164403. 

5.725 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1550. 

-250480. 

-161536. 

5.444 

0.0 

0.0 

0.0 

1600. 

-250638. 

-158665. 

5.180 

0.0 

0.0 

0.0 

16so. 

-250786. 

-155788. 

4.932 

0.0 

o.c 

0.0 

17uu. 

-250923. 

-152907. 

4.698 

0.0 

0.0 

0.0 

1750. 

-201U51. 

-150023. 

4.478 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1300. 

-251170. 

-147134. 

4.270 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— * 

0.0 

0.0 

0.0 

/ 
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Table  108.  Thermophysical  values  for  water,  H-0,  at  1.01325  bars  (1  atm). 

The  tabulations  are  based  on  a fit^of  the  thermophysical  and 
thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/ ( mol  K) 

H-H (298 ) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

V 

cm3 /mol 

273.150 

75.884 

63.307 

-1888. 

-70.218 

0.0000 

298.150 

75.254 

69.921 

0. 

-69.921 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— 

300. 

75.230 

70.386 

139. 

■ -69.922 

0.0000 

350. 

75.469 

81.981 

3900. 

-70.837 

0.0000 

373.150 

76.003 

86.831 

5653. 

-71.681 

0.0000 

400. 

76.849 

92.140 

7705. 

-72.877 

0.0000 

(2  sigma) 

— • 

— 

— 

— 
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Table  109.  Thermochemical  properties  of  water,  H„0,  at  1.01325  bars  (1 
atm).  Columns  2 through  4 give  the  tnermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the  Elements 


Formation  from  the  Oxides 


T 

K 

H 

J/mol 

G 

J/mol 

log  K 

H 

J/mol 

G 

J/mol 

1 og  1 

2UU. 

-289294. 

-253795. 

66.284 

0.0 

0.0 

0.0 

2bU. 

-28739U. 

-24515U. 

51.221 

O.U 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

273. 150 

-286613. 

-241274. 

46.139 

0.0 

0.0 

0.0 

298.150 

-285808. 

-237160. 

41.549 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

300. 

-285749. 

-236858. 

41.241 

0.0 

0.0 

0.0 

350. 

-284178. 

-228834. 

34.152 

0.0 

0.0 

0.0 

373.150 

-283447. 

-225197. 

31.524 

0.0 

0.0 

0.0 

400. 

-282585. 

-221036. 

28.864 

0.0 

0.0 

0.0 

Table  110 


Thermopnysical  values  for  H-O  (ideal  gas),  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fit  of  the 
thermopnysical  and  tnermochemical  data  given  in  Section  1.5.5 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

LO-H(298) j/T 
J/(moi  K) 

V 

cm3/mol 

2UO. 

33.329 

175.369 

-3286. 

-191.797 

0.0000 

250. 

33.473 

182.323 

-1615. 

-189.284 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— - 

273.150 

33.540 

135.790 

-840. 

-138.364 

0.0000 

298.150 

33.632 

138.731 

0. 

-188.731 

0.0000 

(2  sigma) 

— 

— 

— 

— 

... 

300. 

33.640 

138.939 

62. 

-188.732 

0.0000 

350. 

33.897 

194.143 

1750. 

-189.142 

0.0000 

373.150 

34.048 

196.313 

2537. 

-189.520 

0.0000 

400. 

34.245 

198.691 

3453. 

-190.057 

0.0000 

450. 

34.669 

202.748 

5176. 

-191.246 

0. 0000 

500. 

35.154 

206.426 

6921. 

-192.533 

0.0000 

(2  sigma) 

— 

— 

— 

- — 

550. 

35.686 

209.301 

8692. 

-193.997 

0.0000 

500. 

36.253 

212.930 

10491. 

-195.446 

0.0000 

650. 

36.346 

215.355 

12318. 

-196.904 

0.0000 

700. 

37.453 

213.608 

14175. 

-198.357 

0.0000 

750. 

38.082 

221.213 

16064. 

-199.795 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— 

300. 

38.715 

223.691 

17984. 

-201.211 

0.0000 

850. 

39.352 

226. Q57 

19935. 

-202.604 

0. 0000 

you. 

39.989 

228.325 

21919. 

-203.970 

0.0000 

950. 

4U.624 

230. DU4 

23934. 

-205.310 

0.0000 

iuOU. 

41 . 254 

232.604 

25981. 

-206.o22 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— 

1050. 

41.878 

234.632 

28U60. 

-207.908 

0.0000 

1100. 

42.494 

236.594 

30169. 

-209.168 

0.0000 

1150. 

43. 10U 

238.496 

32309. 

-210.402 

0.0000 

1200. 

43.695 

240.343 

34479. 

-211.611 

0.0000 

1250. 

44.278 

242.139 

36678. 

-212.796 

0.0000 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

44.848 

243.387 

33906. 

-213.959 

o.ocoo 

1350. 

45.404 

245.590 

41163. 

-215.099 

0.0000 

1400. 

45.945 

247.251 

43446. 

-216.217 

0.0000 

1450. 

46.472 

248.372 

45757. 

-217.315 

0.0000 

1500. 

46.982 

250.456 

48093. 

-218.394 

0.0000 

(2  siama) 

— 

— 



— 

— 

1550. 

47.477 

252.005 

50455. 

-219.453 

0.0000 

1600. 

47.954 

253.520 

52841. 

-220.494 

0.0000 

1650. 

48.415 

255.003 

55250. 

-221.513 

0.0000 

1700. 

48.358 

256.455 

57682. 

-222.524 

0. 0000 

1750. 

49.283 

257.377 

60136. 

-223.514 

0.0000 

(2  siama) 

— 

— 

— 

— 

— 

1300. 

49.539 

259.271 

62610. 

-224,488 

0.0000 

(2  sigma) 

— 

... 

— * 

* — • 
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Table  111 


. Thermochemical  properties  of  H„0  (ideal  gas),  at  1.01325  Oars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

200. 

-240959. 

-232795. 

60.800 

0.0 

0.0 

0.0 

250. 

-241376. 

-230707. 

48.204 

0.0 

0.0 

0.0 

(2  sigma) 

. — 

— 

— 

0.0 

0.0 

0.0 

273.150 

-241592. 

-229710. 

43.927 

0.0 

0.0 

0.0 

298.150 

-241836. 

-228611. 

40.052 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

300. 

-241354. 

-228529. 

39.790 

0.0 

0.0 

0.0 

350. 

-242357. 

-226269. 

33.769 

0.0 

0.0 

0.0 

373.150 

-242592. 

-225197. 

31.524 

0.0 

0.0 

0.0 

400. 

-242865. 

-223936. 

29.243 

0.0 

0.0 

0.0 

450. 

-243368. 

-221539. 

25.716 

0.0 

0.0 

0.0 

500. 

-243861. 

-219088. 

22.888 

0.0 

0.0 

0.0 

(2  signa; 

— 

— 

— 

0.0 

0.0 

0.0 

bou. 

-244340. 

-216587. 

20.570 

0.0 

0.0 

o.u 

buu. 

-244804. 

-214043. 

18.634 

0.0 

0.0 

0.0 

obO. 

-245251. 

-211462. 

16.993 

0.0 

0.0 

0.0 

7U0. 

-245681. 

-208846. 

15.584 

0.0 

0.0 

0.0 

750. 

-246093. 

-206201. 

14.361 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

800. 

-246488. 

-203528. 

13.289 

0.0 

0.0 

0.0 

850. 

-246864. 

-200832. 

12.342 

0.0 

0.0 

0.0 

900. 

-247224. 

-198113. 

11.498 

0.0 

0.0 

0.0 

950. 

-247566. 

-195375. 

10.742 

0.0 

0.0 

0.0 

1000. 

-247891. 

-192  620. 

10.061 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1050. 

-248200. 

-189849. 

9.444 

0.0 

0.0 

0.0 

1100. 

-248492. 

-137063. 

8.383 

0.0 

0.0 

0.0 

1150. 

-248769. 

-184265. 

3.370 

0.0 

0.0 

0.0 

1200. 

-249031. 

-131455. 

7.899 

0.0 

0.0 

0.0 

1250. 

-249278. 

-178634. 

7.465 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1300. 

-249511. 

-175803. 

7.064 

0.0 

0.0 

0.0 

1350. 

-249730. 

-172964. 

6.692 

0.0 

0.0 

0.0 

1400. 

-249936. 

-170117. 

6.347 

0.0 

0.0 

0.0 

1450. 

-250129. 

-167263. 

6.025 

0.0 

0.0 

0.0 

1500. 

-250310. 

-164403. 

5.725 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1550. 

-250480. 

-161536. 

5.444 

0.0 

0.0 

0.0 

lbUU. 

-250638. 

-158665. 

5.180 

0.0 

0.0 

0.0 

lobU. 

-250786. 

-156788. 

4.932 

0.0 

0.0 

0.0 

17UU. 

-250923. 

-15290  7. 

4.698 

0.0 

0.0 

o.u 

1/8U. 

-251081. 

-150023. 

4.478 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

o.o 

0.0 

0.0 

1800. 

-251170. 

-147134. 

4.270 

0.0 

0.0 

o.u 

(2  sigma) 

— 

— 

0.0 

0.0 

0.0 
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Table  112.  Thermophysical  values  for  stable  phases  of  the  element 

magnesium  (Mg)  at  1.01325  bars  (1  atm).  The  sources  of  data 
are  given  in  Section  1.5.5. 


T 

Cp 

S 

H— H ( 2 98 ) 

[G-H(298)]/T 

V 

K 

J/(mol  K) 

J/(mol  K) 

J/mol 

J/(mol  K) 

cm3 /mol 

magnesium  (crystal) 

200. 

22.761 

23.170 

-2347. 

-34.903 

— - 

250. 

23.980 

28.386 

-1178. 

-33.097 

- 

(2  sigma) 

— 

— 

— 

— 

— 

273.15 

24.452 

30.530 

-617. 

-32.789 

— 

298.15 

24.905 

32.692 

-0. 

-32.692 

... 

(2  sigma) 

— 

— 

— 

— 

— 

300. 

24.937 

32.846 

46. 

-32.692 



350. 

25.699 

36.749 

1313. 

-32.999 

— 

4UU. 

26.335 

40.223 

2514. 

-33.688 

— 

450. 

26.895 

43.358 

3945. 

-34.592 

— 

500. 

27.42U 

40.219 

5303. 

-35.613 

... 

(2  sigma) 

— 

— 

— 

— 

— 

550. 

27.937 

48.857 

5687. 

-36.699 

... 

600. 

28.470 

51.310 

8097. 

-37.815 

... 

650. 

29.033 

53.611 

9534. 

-38.943 

... 

700. 

29.640 

55.784 

11001. 

-40.069 

... 

750. 

30.302 

57.852 

12499. 

-41.186 

... 

(2  sigma) 

— 

— 

— 

— 

— 

800. 

31.025 

59.830 

14032. 

-42.290 

— 

350. 

31.817 

61.734 

1560  3. 

-43.378 

... 

900. 

32.683 

63.577 

17215. 

-44.449 

... 

922. 

33.089 

64.371 

17939. 

-44.915 

— 

magnesium  (liquid) 

922. 

32.122 

74.086 

26895. 

-44.915 

— 

950. 

32.426 

75.051 

27799. 

-45.789 

... 

1000. 

32.970 

76.728 

29434. 

-47.294 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1050. 

33.514 

78.350 

31096. 

-43.735 

— 

1100. 

34.058 

79.922 

32785. 

-50.117 

— 

1150. 

34.502 

31.448 

34502. 

-51.446 

1200. 

35.146 

82.932 

36245. 

-52.727 

- — 

1250. 

35.690 

34.378 

38016. 

-53.964 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

36.234 

35.788 

39814. 

-55.161 

... 

1350. 

36.777 

87.166 

41640. 

-bo. 321 

— 

1378. 

37.082 

37.924 

42674. 

-5o. 956 

— 

magnesium  lineal  monatomic  gas) 

1378. 

20. 786 

180.368 

170062. 

-56.956 

— 

1400. 

20.  786 

180.697 

170519. 

-58.398 

— 

1450. 

20.786 

181.426 

171558. 

-63.110 

— 

1500. 

20.786 

182.131 

172597. 

-67.066 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1550. 

20.786 

182.813 

173637. 

-70.789 

— 

1600. 

20.786 

183.473 

174676. 

-74.300 

— 

1650. 

20. 786 

184.112 

175715. 

-77.618 

— 

1700. 

20.786 

184.733 

176755. 

-30.759 

— 

1750. 

20. 786 

135.335 

177794. 

-33.739 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

20.786 

185.921 

178833. 

-86.569 

— 

(2  sigma) 

— - 

— 

— 

— 

... 
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Table  113.  Thermochemical  properties  of  stable  phases  of  the  element 

magnesium  (Mg)  at  1.01325  bars  (1  atm).  Columns  2 through  4 
give  the  thermochemical  values  relative  to  the  elements; 
columns  5 through  7 give  the  values  relative  to  the  oxides. 


T 

K 

Formation 

H 

J/mol 

frcm  the  Elements 

G log  K 

J/mol 

Formation 

H 

J/mol 

from 

G 

J/mol 

the  Oxides 
log  K 

200. 

0. 

magnesium  (crystal) 

0.  0. 

2b0. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

273.15 

0. 

0. 

0. 

— 

— 

— 

290. 15 

0. 

0. 

0. 

— 

— 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

300. 

0. 

0. 

0. 

— 

— 

— 

350. 

0. 

0. 

0. 

— 



400. 

0. 

0. 

0. 

— 

— 

— 

450. 

0. 

0. 

0. 

— 

— 

— 

500. 

. 0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

550. 

0. 

0. 

0. 

— 

— 

— 

600. 

0. 

0. 

0. 

— 

— 

650. 

0. 

0. 

0. 

— 

— . 

— 

700. 

0. 

0. 

0. 

— 

— 

— 

750. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

800. 

0. 

0. 

0. 

— 

— - 



850. 

0. 

0. 

0. 

— 

... 

— 

900. 

0. 

0. 

0. 

— 

— 

— 

922. 

0. 

0. 

0. 

— 

— 

— 

922. 

0. 

magnesi um 
0. 

(liquid) 

0. 

950. 

0. 

0. 

0. 

— 

— 

— 

1000. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1050. 

0. 

0. 

0. 

— 



— 

11UU. 

0. 

0. 

0. 

— 

— 

— 

1150. 

0. 

0. 

0. 

— 

— 

— 

1200. 

0. 

0. 

0. 

— 

— 

— 

1250. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1300. 

0. 

0. 

0. 

- — 

— 

— 

1350. 

0. 

0. 

0. 

— 

— 

— 

1378. 

0. 

0. 

0. 

— 

— 

— 

1378. 

magnesium  (ideal 

0.  0. 

monatomic  gas) 

0.  — 

1400. 

0. 

0. 

0. 

— 

— 

— 

1450. 

0. 

0. 

0. 

- — 

— 

— 

1500. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1550. 

0. 

0. 

0. 

— 

— 

— 

1600. 

0. 

0. 

0. 

— 

— 

— 

1650. 

0. 

0. 

0. 

— 

— 

— 

1700. 

0. 

0. 

0. 

— 

— 

— 

1750. 

0. 

0. 

0. 

— 

— 

— 

(2  sioma) 

0. 

0. 

0. 

— 

— 

— 

1800. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— - 
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Table  114.  Thermophysical  values  for  magnesite,  MgCO.,,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fifof  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

1 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mol 

[G-H (298 )]/T 
J/(mol  K) 

V 

cm3 /mol 

2UU. 

57.411 

38.410 

-6618. 

-71.498 

27.9626 

250. 

67.903 

52.385 

-3476. 

-66.291 

27.9909 

(2  sigma) 

0.253 

0.713 

12. 

0.712 

0.0674 

273.150 

72.105 

58.585 

-1355. 

-65.376 

28.0040 

298.150 

76.233 

65.081 

0. 

-65.081 

28.0131 

(2  sigma) 

0.253 

0.712 

0. 

0.712 

0. 0663 

300. 

76.523 

65.553 

141. 

-65.082 

28.0192 

350. 

83.648 

77.901 

4151. 

-66.041 

28.0474 

400. 

89.621 

89.472 

3487. 

-68.254 

28.0757 

450. 

94.706 

100.329 

13098. 

-71.221 

28.1040 

500. 

99.092 

110.540 

17946. 

-74.648 

28.1323 

(2  siama) 

0.788 

0.737 

31. 

0.713 

0.0839 

550. 

102.923 

120.168 

22998. 

-78.352 

28.1606 

600. 

106.303 

129.271 

23231. 

-82.220 

28.1889 

650. 

109.312 

137.901 

33622. 

-86.174 

28.2172 

700. 

112.012 

146.102 

39157. 

-90.164 

23.2455 

750. 

114.453 

153.915 

44819. 

-94.156 

28.2738 

(2  sigma) 

1.690 

0.968 

384. 

0.728 

0.1328 

800. 

116.673 

161.374 

50598. 

-98.126 

28.3021 

850. 

118.702 

168.509 

56483. 

-102.057 

23.3304 

900. 

120.567 

175.347 

62466. 

-105.940 

28.3537 

950. 

122.288 

181.912 

63533. 

-109.767 

28.3870 

1000. 

123.883 

188.226 

74693. 

-113.533 

28.4153 

(2  sigma) 

2.347 

1.415 

386. 

0.790 

0.1906 

105u. 

125.366 

194.307 

30924. 

-117.236 

28.4436 

1100. 

125.750 

200.171 

37223. 

-120.373 

23.4719 

1150. 

128.045 

205.334 

93598. 

-124.445 

23.5001 

1200. 

129. 2b0 

211.309 

100031. 

-127.951 

28.5284 

1250. 

130.403 

216.610 

10b523. 

-131.392 

23. 5567 

(2  sigma) 

2.831 

1.928 

1532. 

0.914 

0.2513 

1300. 

131.481 

221.745 

113070. 

-134.768 

28. 5350 

1350. 

132.501 

226.727 

119670. 

-138.082 

23.6133 

1400. 

133.466 

231.563 

126319. 

-141.335 

28.6416 

1450. 

134.381 

236.263 

133015. 

-144.523 

28.6699 

1500. 

135.251 

240.833 

139756. 

-147.662 

28.6982 

(2  sigma) 

3.204 

2.442 

2285. 

1.086 

0.3132 

1550. 

136.080 

245.282 

146540. 

-150.740 

28.7265 

1600. 

136.870 

249.615 

153364. 

-153.762 

28.7543 

1650. 

137.624 

253.338 

150226. 

-156.731 

28.7331 

1700. 

138.346 

257.957 

167125. 

-159.648 

28.3114 

1750. 

139.036 

261.978 

174060. 

-162.514 

23.3397 

(2  sigma) 

3. 500 

2.936 

3122. 

1.286 

0.3757 

1800. 

139.698 

265.904 

131029. 

-155.332 

28.3630 

(2  sigma) 

3.553 

3.032 

3297. 

1.329 

0.3382 
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Taole  115.  Thermochemica!  properties  of  magnesite,  MgCO-,,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements,  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-1112494. 

-1056948. 

276.046 

-118309. 

-83252. 

21.743 

250. 

-1113039. 

-1042989. 

217.921 

-118392. 

-74476. 

15.561 

(2  sigma) 

— 

... 

— 

1786. 

1735. 

0.362 

273.150 

-1113161. 

-1036497. 

198.210 

-118390. 

-70409. 

13.464 

298.150 

-1113225. 

-1029477. 

180.360 

-118360. 

-66019. 

11.566 

(2  sigma) 

... 

... 

— 

1785. 

1727. 

0.303 

300. 

-1113227. 

-1028957. 

179.157 

-118357. 

-65694. 

11.438 

350. 

-1113176. 

-1014913. 

151.467 

-113212. 

-56927. 

3.496 

400. 

-1112953. 

-1000889. 

130.703 

-117968. 

-48188. 

6.293 

450. 

-1112599. 

-986901. 

114.556 

-117634. 

-39484. 

4.583 

500. 

-1112141. 

-972959. 

101.644 

-117222. 

-30823. 

3.220 

(2  sigma) 

— 

— 

— 

1796. 

1700. 

0.178 

550. 

-1111599. 

-959066. 

91.084 

-116739. 

-22205. 

2.109 

6QU. 

-1110991. 

-945226. 

82.289 

-116192. 

-13635. 

1.187 

65U. 

-1110328. 

-931438. 

74.851 

-115587. 

-5113. 

0.411 

7UU. 

-1109623. 

-917704. 

68.480 

-114928. 

3361. 

-0.251 

75u. 

-11U8885. 

-904021. 

62.962 

-114221. 

11786. 

-0.821 

(2  sigma) 

— 

— 

— 

1867. 

1677. 

0.117 

800. 

-1108123. 

-890388. 

58.136 

-113468. 

20162. 

-1.316 

850. 

-1107345. 

-876803. 

53.882 

-112673. 

23489. 

-1,751 

9UU. 

-1106559. 

-863265. 

50.103 

-111840. 

36769. 

-2.134 

950. 

-1114699. 

-849498. 

46.709 

-110970. 

45002. 

-2.474 

1000. 

-1113847. 

-835562. 

43.645 

-110067. 

53188. 

-2.778 

(2  sigma) 

— 

— 

— 

2075. 

1684. 

0.088 

1050. 

-1112981. 

-821669. 

40.876 

-109131. 

61327. 

-3.051 

1100. 

-1112103. 

-807818. 

38.360 

-108166. 

69422. 

-3.297 

1150. 

-1111216. 

-794007. 

36.065 

-1071 73. 

77472. 

-3.519 

1200. 

-1110321. 

-780234. 

33.963 

-106153. 

85478. 

-3.721 

1250. 

-1109419. 

-766499. 

32.030 

-105108. 

93442 . 

-3.9C5 

(2  sigma) 

... 

... 

— 

2470. 

1779. 

0.074 

1300. 

-1108512. 

-752800. 

30.248 

-104039. 

101363. 

-4.073 

1350. 

-1107600. 

-739136. 

28.599 

-102948. 

109242. 

-4.227 

1400. 

-1232139. 

-721902. 

26.934 

-101837. 

117081. 

-4.368 

1450. 

-1230381. 

-703710. 

25.350 

-100705. 

124879. 

-4.499 

1500. 

-1228594. 

-685579. 

23.874 

-99554. 

132638. 

-4.619 

(2  sigma) 

... 

— 

— 

3039. 

2027. 

0.071 

1550. 

-1226779. 

-667509. 

22.495 

-98386. 

140359. 

-4.730 

1600. 

-1224936. 

-649497. 

21.204 

-97200. 

148041. 

-a. 333 

1650. 

-1223066. 

-631543. 

19.993 

-95999. 

155687. 

-4.929 

170U. 

-1221169. 

-613647. 

18.855 

-94733. 

153295. 

-5.017 

1750. 

-1219245. 

-595807. 

17.784 

-93552. 

170868. 

-5.100 

(2  sigma) 

— 

— 

— 

3749. 

2465. 

0.074 

..300. 

-1217295. 

-578022. 

16.774 

-923 08. 

178405. 

-5.177 

(2  sigma) 

... 

— " 

— - 

3904. 

2575. 

0.075 
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Table  116.  Thermopnysical  values  for  periclase,  MgO,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

s 

J/(mol  K) 

H-H(298) 

J/mol 

[G-H (298)]/T 
J/(mol  K) 

V 

cm3/mol 

200. 

26.590 

14.005 

-3217. 

-30.089 

11.2031 

250. 

33.261 

20.719 

-1706. 

-27.544 

11.2240 

(2  sigma) 

— 

— 

— 

0.0090 

273.150 

35.424 

23.762 

-910. 

-27.095 

11.2336 

298.150 

37.344 

26.950 

0. 

-26.950 

11.2441 

(2  sigma) 

— 

— 

— 

0.0083 

300. 

37.472 

27.181 

69. 

-26.950 

11.2449 

350. 

40.380 

33.188 

2020. 

-27.418 

11.2657 

<100. 

42.514 

38.725 

4094. 

-28.490 

11.2866 

450. 

44.151 

43.332 

6263. 

-29.915 

11.3075 

500. 

45.446 

48.554 

3504. 

-31.546 

11.3234 

(2  sigma) 

— 

— 

— 

— 

0.0064 

550. 

46.499 

52.936 

10803. 

-33.294 

11.3493 

oUU. 

47.373 

57.021 

13151. 

-35.103 

11.3702 

650. 

48.111 

60.842 

15538. 

-36.937 

11.3911 

70U. 

■ 48.743 

64.432 

17960. 

-38.774 

11.4120 

750. 

49.292 

67.814 

20411. 

-40.599 

11.4329 

(2  sigma) 

— 

— 

— 

— 

0.0074 

800. 

49.774 

71.011 

22888. 

-42.400 

11.4538 

350. 

50.203 

74.041 

25388. 

-44.173 

11.4747 

900. 

50.588 

76.922 

27908. 

-45.913 

11.4956 

950. 

50.938 

79. 666 

30446. 

-47.613 

11.5165 

1000. 

51.258 

82.288 

33001. 

-49.286 

11.5374 

(2  sigma) 

— 

— 

— 

— 

0.0110 

1050. 

51.554 

84.796 

35571. 

-50.918 

11.5533 

1100. 

51.831 

87.200 

38156. 

-52.513 

11.5792 

1150. 

52.090 

89.510 

40754. 

-54.072 

11.6001 

1200. 

52.337 

91.732 

43365. 

-55.595 

11.6209 

1250. 

52.572 

93.874 

45988. 

-57.083 

11.6413 

(2  signa) 

— 

— 



— 

0.0154 

1300. 

52.799 

95.940 

48622. 

-58.538 

11.6627 

1350. 

53.019 

97.937 

51268. 

-59.961 

11.6836 

1400. 

53.234 

99.369 

53924. 

-61.352 

11.7045 

1450. 

53.445 

101.741 

56591. 

-62.712 

11.7254 

1500. 

53. 653 

103.556 

59268. 

-64.044 

11.7463 

(2  sigma) 

— 

— 

— 

— 

0.0202 

1550. 

53.860 

105.319 

61956. 

-65. 347 

11.7672 

1600. 

54.066 

107.032 

64654. 

-66.623 

11.7881 

1650. 

54.273 

108.699 

67363. 

-o7.373 

11.8090 

1700. 

54.480 

110.322 

70082. 

-69.098 

11.8299 

175u. 

54.589 

lli. 904 

72811. 

-70.298 

11.8508 

(2  sigma) 

— 

— 

. — 

— 

0.0252 

1800. 

54.900 

113.448 

755sl. 

-71.475 

11.8717 

(2  sigma) 

— 

— 

0.0262 
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Table  117 


. Thermochemical  properties  of  periclase,  MgO,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El ements 
1 og  K 

Formation  from  the  Oxides 

H G 1 og  K 

J/mol  J/mol 

200. 

-600677. 

-579505. 

151.351 

0.0 

0.0 

0.0 

250. 

-601064. 

-574161. 

119.964 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

273.150 

-0OII66. 

-571665. 

109.320 

0.0 

0.0 

0.0 

29d. 150 

-601239. 

-568961. 

99.680 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

300. 

-601243. 

-568761. 

99.030 

0.0 

0.0 

0.0 

350. 

-601299. 

-5b3342. 

84.074 

0.0 

0.0 

0.0 

400. 

-601277. 

-557920. 

72.857 

0.0 

0.0 

0.0 

450. 

-601204. 

-552504. 

64.133 

0.0 

0.0 

0.0 

500. 

-601097. 

-547099. 

57.155 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

550. 

-600969. 

-541705. 

51.447 

0.0 

0.0 

0.0 

600. 

-600830. 

-536323. 

46.691 

0.0 

0.0 

0.0 

650. 

-600688. 

-530954. 

42.663 

0.0 

0.0 

0.0 

700. 

-600552. 

-525594. 

39.220 

0.0 

0.0 

0.0 

750. 

-600426. 

-520245. 

36.233 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

... 

0.0 

0.0 

0.0 

800. 

-600318. 

-514903. 

33.620 

0.0 

0.0 

0.0 

850. 

-600234. 

-509567. 

31.314 

0.0 

0.0 

0.0 

900. 

-600178. 

-504236. 

29.265 

0.0 

0.0 

0.0 

950. 

-609082. 

-498635. 

27.417 

0.0 

0.0 

0.0 

1000. 

-609027. 

-492323. 

25.742 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1050. 

-608990. 

-487014. 

24.228 

0.0 

0.0 

0.0 

1100. 

-608973. 

-481206. 

22.351 

0.0 

0.0 

0.0 

1150. 

-608974. 

-475399. 

21.593 

0.0 

0.0 

0.0 

1200. 

-608995. 

-469591. 

20.441 

0.0 

0.0 

0.0 

1250. 

-609035. 

-463782. 

19.380 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

13UU. 

-60  9096. 

-457970. 

18.401 

0.0 

0.0 

0.0 

1350. 

-609177. 

-4=2156. 

17.495 

0.0 

0.0 

0.0 

1400. 

-734731. 

-442735. 

16.519 

0.0 

0.0 

0.0 

1450. 

-734011. 

-432319. 

15.574 

0.0 

0.0 

0.0 

1500. 

-733284. 

-421928. 

14.693 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1550. 

-732549. 

-411562. 

13.370 

0.0 

0.0 

0.0 

1600. 

-731806. 

-401219. 

13.098 

0.0 

0.0 

0.0 

1650. 

-731055. 

-390900. 

12.375 

0.0 

0.0 

0.0 

1700. 

-730295. 

-380604. 

11.695 

0.0 

0.0 

0.0 

1750. 

-729527. 

-370330. 

11.054 

0.0 

0.0 

0.0 

(2  sigma) 

— 

- — 

— 

0.0 

0.0 

0.0 

1800. 

-728749. 

-360078. 

10.449 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 
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Table  118.  Thermophysical  values  for  brucite,  -g(0H)2,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a fit^of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

c 

J/(mol  K) 

H-H(298) 

J/mol 

[G-H(298)]/T 
J/(mol  K) 

V 

cm3/mol 

200. 

55.356 

36.369 

-6661. 

-69.673 

24.5785 

250. 

od.oll 

50.285 

-3531. 

-o4.408 

24.6052 

U sigma) 

0.152 

0.662 

6. 

0.662 

0.3555 

273.150 

73.261 

56 . 568 

-1888. 

-63.479 

24.6176 

298. I5u 

77.o41 

63.178 

0. 

-o3.178 

24.6309 

(2  sigma) 

0.099 

0.662 

' 0. 

0.662 

0.3552 

300. 

77.942 

63.659 

144. 

-63.179 

24.6319 

350. 

85.123 

76.235 

4228. 

-64.156 

24.6586 

400. 

90.849 

87.989 

8632. 

. -66.409 

24.6853 

450. 

95.538 

98.969 

13295. 

-69.423 

24.7120 

500. 

99.455 

109.244 

18173. 

-72.397 

24.7387 

(2  sigma) 

0.092 

0.662 

14. 

0.662 

0.3587 

550. 

102.780 

113.383 

23231. 

-76.544 

24.7654 

500. 

105.639 

127.951 

28443. 

-80.546 

24.7921 

650. 

108.125 

136.507 

33789. 

-84.524 

24.8138 

700. 

110.304 

144.602 

39251. 

-88.529 

24.8455 

750. 

112.228 

152.279 

44815. 

-92.526 

24.8722 

(2  sigma) 

0.164 

0.665 

39. 

0.662 

0.3729 

800. 

113.939 

159.578 

50470. 

-96.490 

24.8989 

850. 

115.463 

166.532 

56206. 

-100.407 

24.9256 

900. 

116.841 

173.171 

62014. 

-104.267 

24.9523 

950. 

118.G78 

179.522 

67888. 

-108.062 

24.9790 

1000. 

119.197 

135.608 

73820. 

-111.788 

25.0057 

(2  sigma) 

0.281 

0.672 

86. 

0.663 

0.3969 

1050. 

120.212 

191.448 

79806. 

-115.443 

25.0324 

1100. 

121.135 

197.062 

85840. 

-119.026 

25.0591 

1150. 

121.975 

202.466 

91918. 

-122.537 

25.0853 

1200. 

122.743 

207.673 

9803b. 

-125.977 

25.1125 

1250. 

123.445 

212.098 

104191. 

-129.346 

25.1391 

(2  sigma) 

0.430 

0.636 

166. 

U.664 

0.4290 
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Table  119.  Thermochemical  properties  of  brucite,  Mg(QH)2,  at  1.01325  bars 
(1  atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


Formation  from  the  Elements  Formation  from  the  Oxides 

T H G log  K H G logK 


K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-924028. 

-364090. 

225.677 

-34057. 

-30790. 

3.041 

250. 

-924881. 

-848996. 

177.388 

-36428. 

-29685. 

6.202 

(2  sigma) 

— 

— 

— 

1258. 

1137. 

0. 248 

273.150 

-925129. 

-841958. 

161.008 

-37350. 

-29019. 

5.549 

298.150 

-925307. 

-334337. 

146.172 

-38261. 

-28215. 

4.943 

(2  sigma) 

... 

— - 



1258. 

1175. 

0.206 

300. 

-925317. 

-333772. 

145.173 

-38325. 

-28153. 

4.902 

350. 

-925431. 

-818502. 

122.155 

-39953. 

-26326. 

3.929 

400. 

-925290. 

-803233. 

104.891 

-81149. 

-21377. 

2.792 

450. 

-924948. 

-787995. 

91.468 

-80376. 

-13951. 

1.619 

500. 

-924443. 

-772803. 

80.734 

-79485. 

-6617. 

0.691 

(2  sigma) 

— 

... 

1258. 

1135. 

0.119 

550. 

-923806. 

-757669. 

71.957 

-78497. 

622. 

-0.059 

500. 

-923065. 

-742598. 

64.649 

-77431. 

7769. 

-0.676 

650. 

-922240. 

-727592. 

53.470 

-76300. 

14823. 

-1.191 

700. 

-921351. 

-712652. 

53.179 

-75118. 

21789. 

-1.626 

750. 

-920413. 

-697777. 

48.598 

-73893. 

28668. 

-1.997 

(2  sigma) 

— 

— 

— 

1259. 

1106. 

0.077 

8UG. 

-919441. 

-682967. 

44.593 

-72635. 

35465. 

-2.316 

850. 

-918448. 

-668217. 

41.064 

-71350. 

42182. 

-2.592 

9UO. 

-917447. 

-653527. 

37.930 

-70045. 

48822. 

-2.834 

950. 

-925373. 

-638620. 

35.114 

-68726. 

55390. 

-3.046 

1000. 

-924313. 

-623555. 

32.571 

-67395. 

61888. 

-3.233 

(2  sigma) 

— 

— 

— 

1262. 

1102. 

0.058 

1050. 

-923248. 

-608544. 

30.273 

-66058. 

68319. 

-3.399 

1100. 

-922183. 

-593583. 

28.187 

-64718. 

74687. 

-3.547 

1150. 

-921121. 

-578670. 

26.284 

-63378. 

80994. 

-3. 679 

1200. 

-920066. 

-563804. 

24.542 

-62041. 

87242. 

-3.798 

1250. 

-919021. 

-548981. 

22.941 

-60708. 

93435. 

-3.90^ 

(2  sigma) 

— 

— 

— 

1271. 

1123. 

0.047 

Table  120.  Thennophysical  values  for  Mg  pyroxene,  MgSiO^,  at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  a f1tJof  the 
thennophysical  and  thermochemical  data  given  <n  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

V 

cm3 /mol 

200. 

58.831 

cl inoenstatite 
39.463 

-7030. 

-74.611 

31.1757 

250. 

72.520 

54.170 

-3721. 

-69.056 

31.2256 

(2  sigma) 

0.117 

1.811 

6. 

1.310 

0.0282 

273.150 

77.237 

60.804 

-1987. 

-68.077 

31.2487 

29«. 15U 

81.569 

67.760 

0. 

-67 . 760 

31.2736 

(2  siyma) 

0.145 

1.810 

0. 

1.810 

0.0238 

3uu. 

81.864 

68.266 

151. 

-67.762 

31.2755 

3bU. 

88.7bo 

81.427 

4425. 

-68.785 

31.3254 

4uU. 

94.112 

93.642 

9001. 

-71.139 

31.3752 

45U. 

98.429 

104.985 

13819. 

-74.277 

31.4251 

500. 

102.007 

115.546 

18832. 

-77.882 

31.4750 

(2  sigma) 

0.183 

1.810 

36. 

1.810 

0.0466 

550. 

105.036 

125.414 

24010. 

-81.759 

31.5248 

500. 

107.644 

134.668 

29329. 

-85.787 

31.5747 

650. 

109.922 

143.376 

34769. 

-89.885 

31.6246 

700. 

111.934 

151.597 

40316. 

-94.002 

31.6744 

750. 

113.728 

159.382 

45959. 

-98. 104 

31.7243 

(2  sigma) 

0.159 

1.812 

75. 

1.810 

0.0997 

300. 

115.341 

166.774 

51686. 

-102.167 

31.7742 

350. 

116.302 

173.811 

57490. 

-106.176 

31.8241 

900. 

118.134 

180.526 

63364. 

-110.121 

31.8739 

950. 

119.354 

186.946 

69302. 

-113.997 

31.9238 

968.500 

119.780 

189.252 

71514. 

-115.412 

31.9423 

963.500 

125.855 

enstatite 

192.652 

74659. 

-115.565 

31.9376 

1000. 

126.493 

196.690 

78633. 

-118.057 

31.9692 

(2  sigma) 

0.099 

0.342 

37. 

0.333 

0.1073 

1050. 

127.405 

202.884 

84981. 

-121.950 

32.0197 

1100. 

128.207 

208.330 

91372. 

-125.765 

32.0704 

1150. 

128.913 

214.545 

97800. 

-129.501 

32.1214 

1200. 

129.530 

220.045 

104252. 

-133.160 

32.1727 

1250. 

130.069 

225.344 

110752. 

-136.742 

32.2241 

12  sigma) 

0.189 

0.345 

58. 

0.339 

0.2139 

1237. 40U 

130.143 

226.112 

111715. 

-137.266 

32.2317 

1257. 40U 

12U.0U6 

protoenstatite 
229.00  7 

102  545. 

-147.454 

33.2299 

1300. 

120.634 

233.016 

107671. 

-150.192 

33.2695 

1350. 

121.332 

237.582 

113720. 

-153.345 

33.3159 

1400. 

121.992 

242.007 

119804. 

-156.433 

33.3624 

1450. 

122.619 

246.298 

125919. 

-159.458 

33. *089 

1500. 

123.213 

250.466 

132065. 

-162.422 

33.4554 

(2  sigma) 

3.716 

1.272 

3278. 

2.578 

0.1137 

1550. 

123.773 

254.515 

138240. 

-165.328 

33.5019 

1500. 

124.317 

258.453 

1M442. 

-163.177 

33.5*184 

1550. 

124.331 

262.287 

15C671 . 

-170.971 

33.5949 

1700. 

125.322 

266.021 

156925. 

-173.712 

33.6414 

1750. 

125.792 

259.660 

163203. 

-176.401 

33.5879 

(2  siama) 

4.048 

1.368 

4042. 

2.284 

0.1479 

1300. 

126.243 

273.210 

169504. 

-179.041 

33.7343 

(2  sigma) 

4.108 

1.415 

4208. 

2.231 

0. 1550 
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Table  121.  Thermochemical  properties  of  Mg  pyroxene,  MgSiCL,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  thermochemical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

cl inoenstatite 

200. 

-1543460. 

-1486369. 

388.200 

-32903. 

-32789. 

8.564 

250. 

-1544355. 

-1471983. 

307.554 

-32917. 

-32759. 

6.845 

(2  sigma) 

— 

— 

— 

4087. 

4021. 

0.340 

273.150 

-1544626. 

-1465269. 

280.204 

-32924. 

-32744. 

5.262 

298.150 

.1544844. 

-1457995. 

255.435 

-32935. 

-32727. 

5.734 

(2  sigma) 

— 

— 

— 

40  87. 

4014. 

0.703 

300. 

-1544857. 

-1457456. 

253.756 

-32936. 

-32726. 

5.698 

350. 

-1545103. 

-1442867. 

215.336 

-32973. 

-32689. 

4.879 

400. 

-1545168. 

-1428256. 

186.511 

-33036. 

-32644. 

4.263 

450. 

-1545100. 

-1413645. 

164.091 

-33128. 

-32590. 

3.783 

5UU. 

-1544932. 

-1399047. 

146.157 

-33255. 

-32524. 

3.398 

(2  sigma) 

— 

— 

4087. 

4005. 

0.418 

5b0. 

-1544687. 

-1384470. 

131.486 

-33417. 

-32443. 

3.081 

600. 

-1544383. 

-1309917. 

119.262 

-33617. 

-32346. 

2.315 

650. 

-1544035. 

-1355392. 

108.921 

-33857. 

-32230. 

2.590 

700. 

-1543657. 

-1340896. 

100.059 

-34137. 

-32095. 

2.395 

750. 

-1543258. 

-1326426. 

92.380 

-34460. 

-31938. 

2.224 

(2  sigma) 

— 

— 

— 

408  7. 

4040. 

0.281 

300. 

-1542  848. 

-1311984. 

85.654 

-34826. 

-31758. 

2.074 

850. 

-1542436. 

-1297568. 

79.739 

-35947. 

-31549. 

1.939 

900. 

-1542030. 

-1283176. 

74.474 

-35978. 

-31289. 

1.816 

950. 

-1550564. 

-1268534. 

69.749 

-35989. 

-31029. 

1.706 

968.500 

-1550399. 

-1263044. 

68.120 

-35988. 

-30932. 

1.663 

enstatite 

968.500 

-1547107. 

-1263044. 

68.120 

-32696. 

-30932. 

1.663 

1000. 

-1546637. 

-1253812. 

65.492 

-32500. 

-30878. 

1.513 

(2  sigma) 

— 

— 

— 

4108. 

40  99. 

0.214 

1050. 

-154  5896. 

-1239139. 

61.646 

-32183. 

-30804. 

1.532 

1100. 

-1545166. 

-1224601. 

58.151 

-31362. 

-30746. 

1.460 

1150. 

-1544450. 

-1210046. 

54.962 

-31542. 

-30703. 

1.395 

1200. 

-1543750. 

-1195522. 

52.040 

-31227. 

-30673. 

1.335 

1250. 

-1543070. 

-1181027. 

49.352 

-30920. 

-30656. 

1.281 

(2  sigma) 

... 

— 

— 

4108. 

4101. 

0.171 

1257.400 

-1542972. 

-1178884. 

48. 973 

-30875. 

-30655. 

1.273 

protoenstatite 

1257.400 

-1539329. 

-1178802. 

48.973 

-27233. 

-30654. 

1.273 

130U. 

-1539197. 

-1166673. 

46.877 

-27409. 

-30767. 

1.236 

1350. 

-Io390bl. 

-1152348. 

44. 5a7 

-27616. 

-30892. 

1.19b 

14UU. 

-16o4368. 

-1134424. 

42.326 

-27825. 

-31009. 

1.157 

1450. 

-1663403. 

-1115514. 

40.185 

-28037. 

-31119. 

1.121 

1600. 

-1602422. 

-1U96638. 

38.188 

-28255. 

-31222. 

1.087 

(2  sigma) 

— 

— 

— 

4409. 

4117. 

0.143 

1550. 

-1661425. 

-1077795. 

35.321 

-28479. 

-31317. 

1.055 

1600. 

-1660413. 

-1058985. 

34.572 

-28711. 

-31405. 

1.025 

1650. 

-1659336. 

-1040206. 

32.930 

-28952. 

-31486. 

0.997 

1700. 

-1708354. 

-1021008. 

31.372 

-29203. 

-31559. 

0.970 

1750. 

-1707655. 

-1000795. 

29.872 

-29466. 

-31624. 

0.944 

(2  sigma) 

— 

— 

4507. 

41 51. 

0.124 

1300. 

-1706437. 

-980615. 

28.457 

-29742. 

-31582. 

0.919 

(2  sigma) 

— - 

— 

— * 

4554. 

4150 . 

0.121 
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TaDle  122.  Thermophysical  values  for  cl inoenstatite,  MgSiO.,,  at  1.01325 
Pars  (1  atm).  The  tabulations  are  basea  on  a fit  of  the 
thennopnysical  ana  thermochemical  data  given  *n  Section  1.5.5. 


T Cp  S H-H (2S8)  [G-H(298)]/T  V 

K J/ ( mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cm3/mol 


200. 

53.331 

250. 

72.520 

(2  sigma) 

0.117 

273.150 

77.237 

2S8.150 

31.569 

(2  siana) 

0.145 

300. 

31.364 

350. 

33.756 

400. 

94.112 

450. 

98.429 

500. 

102.007 

(2  sigma) 

0.183 

d5U. 

105.036 

oou. 

- 107.044 

bbo. 

. 109.922 

7UU. 

111.934 

75u. 

113.723 

(2  sigma) 

0.159 

300. 

115.341 

350. 

116.802 

900. 

113.134 

950. 

119.354 

963. 500 

119.780 

1000. 

120.478 

(2  s^cma) 

0.177 

1050. 

121.517 

1100. 

122.482 

1150. 

123.381 

1200. 

124.222 

1250. 

125.010 

(2  si  ana) 

0.214 

1300.' 

125.751 

1350. 

125.449 

1400. 

127.108 

1450. 

127.733 

1500. 

123.325 

(2  signa) 

0.251 

1550. 

128.337 

1600. 

129.423 

1550. 

129.933 

1700. 

130.421 

.750. 

130.587 

■v2  si gma ) 

0.235 

.300. 

131.333 

v2  sigma) 

0.291 

39.463 

-7030, 

54.170 

-3721 

1.811 

6, 

50.304 

-1987 

67.760 

0, 

1.310 

0, 

58.266 

151. 

31.427 

4425 

93.542 

9001, 

104.385 

13819 

115.546 

18832 

1.810 

36, 

123.414 

24010, 

134. 6o3 

29329, 

143.376 

34769, 

151.597 

403  1 6, 

159.382 

45959, 

1.312 

75 

166. 774 

51536 

173.311 

57490 

ISC. 525 

53364 

186.945 

59302 

139.252 

71514, 

193.097 

75298, 

1.314 

107 

199.001 

31343 

204.576 

8744S, 

210.141 

93595 

215.410 

99736, 

220.497 

106017 

1.815 

141. 

225.415 

112236 

230.174 

113591 

234.784 

124930 

239.255 

131301 

243.596 

127703 

1.319 

134 

247.313 

144133, 

251.914 

150591 

255.904 

157075 

259.790 

163584 

263.578 

170117 

1.322 

238 

257.271 

176672 

1.322 

250 

-74.611 

31.1757 

-69.056 

31.2256 

1.310 

0.0232 

-63.077 

31.2487 

-67.760 

31.2736 

1.810 

0.0238 

-67.762 

31.2755 

-68.785 

31.3254 

-71.139 

31.3752 

-74.277 

31.4251 

-77.832 

31.4750 

1.810 

0.0466 

-31.759 

31.5248 

-85 • 787 

31.5747 

-39.885 

31.6246 

-94. 002 

31.5744 

-98.104 

31.7243 

1.310 

0.0997 

-102.157 

31.7742 

-106.175 

31.3241 

-110.121 

31.8739 

-113.997 

31.9238 

-115.412 

31.9423 

-117.799 

31.9737 

1.310 

0. 1552 

-121.525 

32.0235 

-125.178 

32.0734 

-123.754 

32.1233 

-132.255 

32.1732 

-135.534 

32.2230 

1.810 

0.2112 

-139.041 

32.2729 

-142.323 

32.3223 

-145.549 

32.3725 

-143.703 

32.422  5 

-151.794 

32.4724 

1.811 

0.2574 

-154.324 

32.5222 

-157.794 

32.5721 

-150.707 

32.5220 

-153. 304 

32.5719 

-166.368 

32.7217 

1.812 

0.3237 

-169.120 

32.7715 

1.312 

0.3350 
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Table  123.  Thermochemical  properties  of  cl  inoenstaf'te , vgSi0-,  at 
1.01325  bars  (1  atm).  Columns  2 through  4 give  thg 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  < 

K 

J/mol 

J/mol 

J/mol 

J/mol 

2 IX). 

-1543460. 

-148b363. 

388.200 

-32903. 

-32789. 

3.564 

250. 

-1544355. 

-1471983. 

307. 554 

-32917. 

-32759. 

5.345 

sigma) 

— 

— 

— 

40  87. 

4021. 

0.840 

273.150 

-1544o26. 

-1465269. 

280.204 

-32924. 

-32744. 

5.262 

29b. ISO 

-1544844. 

-1457995. 

255.435 

-3293o. 

-32727. 

5.734 

(2  sigma) 

— 

— 

— 

40a7. 

4014. 

0.703 

300. 

-1544357. 

-1457456. 

253.766 

-32936. 

-32726. 

5.598 

350. 

-1545103. 

-1442367. 

215.336 

-32973. 

-32539. 

4.379 

400. 

-1545163. 

-1428256. 

136.511 

-33036. 

-32644. 

4.263 

450. 

-1545100. 

-1413645. 

164.091 

-33128. 

-32530. 

3.783 

500. 

-1544932. 

-1399047. 

146.157 

-33255. 

-32524. 

3.398 

(2  sigma) 

— 

— 

— 

40  87. 

4005. 

0.418 

550. 

-1544687. 

-1384470. 

131.486 

-33417. 

-32443. 

3.081 

SCO. 

-1544383. 

-1369917. 

119.262 

-33617. 

-32346. 

2.316 

650. 

-1544035. 

-1355392. 

108.921 

-33857. 

-32230. 

2.590 

700. 

-1543657. 

-1340896. 

100.059 

-34137. 

-32095. 

2.395 

750. 

-1542258. 

-132542  5. 

92.380 

-34460. 

-31938. 

2.224 

(2  sigma) 

— 

— 

— 

4087. 

4040. 

0.231 

800. 

-1542S48. 

-1311984. 

35 . 564 

-34326. 

-31  75  8. 

2.074 

850. 

-1542436. 

-1297563. 

79.739 

-35947. 

-31 549. 

1.939 

900. 

-1542030. 

-1283176. 

74.474 

-35973. 

-31239. 

i.Slo 

950. 

-1550564. 

-1268534. 

59.749 

-35989. 

-31029. 

1.706 

96  3 . 500 

-1550399. 

-1253044. 

58.120 

-35988. 

-30932. 

1.563 

10C0. 

-1550120. 

-1253702. 

55.487 

-35583. 

-30753. 

1.507 

(2  sigma) 

— 

— 

— - 

4087. 

4125. 

0.215 

1050. 

-15496  7 7. 

-1233892. 

51.631 

-35963. 

-30507. 

1.513 

1100. 

-1549237. 

-1224103. 

58.128 

-35933. 

-30243. 

1.436 

1150. 

-1543802. 

-1209334. 

54.930 

-35894. 

-29991. 

1.362 

1200. 

-1548374. 

-H94  584. 

51.999 

-35350. 

-29735. 

i.2S4 

1250. 

-1547953. 

-11 7985 i. 

49.303 

-35803. 

-29431. 

1.232 

12  sigma) 

— 

— 

— 

4088. 

4268. 

0.178 

13UU. 

-1347541. 

-1165135. 

46.816 

-35753. 

-29229. 

1.174 

1350. 

-1547139. 

-1150435. 

44.513 

-35704. 

-28979. 

1.121 

140u. 

-1672201. 

-1132145. 

42.241 

-35653. 

-23731. 

1.072 

1450. 

-1670980. 

-1112879. 

40.090 

-35614. 

-28484. 

1.026 

1500. 

-1559743. 

-1053655. 

38.084 

-35576. 

-28239. 

0.983 

(2  sigma) 

— 

— 

— 

4089. 

4433. 

0.154 

1550. 

-1668491. 

-1074473. 

36.209 

-35545. 

-27995. 

0.943 

1500. 

-1567223. 

-1055331. 

34.453 

-35521. 

-27752. 

0.9G6 

1550. 

-1665941. 

-1036229. 

32.3G4 

-35507. 

-27509. 

0.371 

1700. 

-1715154. 

-1016717. 

31.240 

-35504. 

-27257. 

0.333 

1750. 

-1713700. 

-996195. 

29.735 

-35512. 

-27025. 

Q.SC7 

(2  sigma) 

— 

— 

— 

4091. 

4645. 

0.139 

1300. 

-1712228. 

-975715. 

28.315 

-35532. 

-25732. 

0.777 

(2  sigma) 

... 

* 

— 

4092. 

4693. 

0.126 
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Table  124.  ThermoDhysical  values  for  enstatite,  MgSiCL,  at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  a fit  of  the 
thermophyslcal  and  thermochenpcal  data  given  in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H(298) 

J/mo’ 

[G-H(298)]/T 
J/(mo1  K) 

V 

cm3 /mol 

2UU. 

58.925 

37.989 

-7034. 

-73.158 

31.2970 

250. 

72.421 

52.665 

-3733. 

-57 . 596 

31.3221 

(2  sigma) 

0.067 

0.338 

3. 

U.337 

0.O658 

27b. 16U 

77.440 

59.303 

-1997. 

-66.613 

31.3351 

298. iso 

82.203 

66.294 

0. 

-66.294 

31.3501 

(2  sigma) 

0.065 

0.237 

0. 

0.337 

0.0355 

300. 

82.532 

66.804 

152. 

-66.296 

31.3513 

350. 

90.336 

30.141 

4483. 

-67.331 

31.3841 

400. 

96.688 

92.637 

9166. 

-69.722 

31.4198 

450. 

101.332 

104.332 

14133. 

-72.925 

31.4532 

500. 

106.110 

115.239 

19335. 

-75.619 

31.4986 

(2  sigma) 

0.060 

0.339 

11. 

0.337 

0.0895 

550. 

109.714 

125.576 

24733. 

-30.507 

31.5410 

SCO. 

' 112.785 

135.257 

30297. 

-34.762 

31.5348 

650. 

- 115.423 

144.392 

36004. 

-89.001 

31.6300 

700. 

117.705 

153.031 

41334. 

-93.269 

31.6762 

750. 

119.690 

161.221 

47770. 

-97.528 

31.7234 

(2  S’gma) 

0.072 

0.341 

24. 

0.338 

0.0858 

300. 

121.425 

169.002 

53793. 

-101.754 

31.7714 

350. 

122.945 

176.410 

59909. 

-105.930 

31.3201 

900. 

124.281 

133.476 

56090. 

-110.043 

31.36  94 

950. 

125.457 

190.228 

72334. 

-114.037 

31.9191 

963.500 

125.355 

192.552 

74659. 

-115.565 

31.9375 

1000. 

125.493 

196.590 

78633. 

-118.057 

31.9692 

(2  sigma) 

0.099 

0.342 

37. 

0.333 

0.1073 

1050. 

127.405 

202.384 

34981. 

-121.950 

32.0197 

1100. 

128.207 

208.830 

91372. 

-125. 765 

32.0704 

UbU. 

128.913 

214.545 

978U0. 

-129.501 

32.1214 

1200. 

129.530 

220.045 

104252. 

-133.160 

32.  1727 

1250. 

130.069 

238.344 

110752. 

-136.742 

32.2241 

(2  sigma) 

0. 169 

0.345 

56. 

0.339 

0.2139 

1257.400 

130. 143 

226.112 

111715. 

-137.266 

32.2317 

1300. 

130.537 

230.454 

117267. 

-140.249 

32. 2756 

1350. 

130.9*0 

235.389 

123305. 

-143.681 

32.3273 

1400. 

131.235 

24C.157 

130360. 

-147.042 

32.3791 

1450. 

131.576 

244.769 

136932. 

-150.333 

32.4309 

1500. 

131.313 

249.234 

143517. 

-153. 556 

32.4329 

(2  sicma) 

G.  320 

0.351 

108. 

0.339 

0.3497 

1550. 

132.014 

253.560 

150113. 

-156.712 

32.5349 

1500. 

132.159 

257.753 

156718. 

-159.305 

32.5870 

1550. 

122.235 

251.322 

153329. 

-152.335 

32.5391 

1700. 

122.265 

255.773 

153945. 

-155.305 

32.5912 

1750. 

122.413 

259.510 

175565. 

-163.715 

32. 7434 

(2  sigma) 

0.472 

0.367 

198. 

0.340 

C. 4953 

1300. 

122.429 

273.341 

133137. 

-171.571 

32.7956 

(2  s'igma) 

0.504 

0.372 

221. 

0.341 

0.5250 
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Table  125 


. Thermochemical  properties  of  enstatite,  MgSiCL,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  tfiermochemical 


val ues 
val  ues 

relative  to 
relative  to 

the  elements; 
the  oxides. 

col umns 

5 through  7 

give  the 

T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

i Elements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mcl  J/mol 

200. 

-1543316. 

-1485931. 

388.085 

-32759. 

-32351. 

8.449 

250. 

-1544219. 

-1471471. 

307.447 

-32781. 

-32247. 

6.738 

(2  sigma) 

— 

— 

— 

4108. 

4103. 

0.857 

273.150 

-1544489. 

-1464721. 

280.099 

-32787. 

-32197. 

6.157 

298.150 

-1544696. 

-1457411. 

255.332 

-3  2 788. 

-32143. 

5.631 

(2  sigma) 

— 

— 

— 

4108. 

4102. 

0.719 

300. 

-1544708. 

-1456869. 

253.663 

-32783. 

-32139. 

5.596 

350. 

-1544897. 

-1442211. 

215.238 

-32767. 

-32032. 

4.781 

400. 

-1544856. 

-1427542. 

186.413 

-32724. 

-31930. 

4.170 

450. 

-1544639. 

-1412889. 

164.004 

-32666. 

-31834. 

3.695 

500. 

-1544282. 

-1398268. 

146.076 

-32605. 

-31745. 

3.316 

(2  sigma) 

— 

— 

- — 

4108. 

4100. 

0.428 

550. 

-1543817. 

-1383689. 

131.412 

-32547. 

-31662. 

3.007 

500. 

-1543267. 

-1369155. 

119.195 

-32501. 

-31584. 

2.750 

650. 

-1542653. 

-1354670. 

108.863 

-32474. 

-31508. 

2.532 

700. 

-1541992. 

-1340235. 

100.009 

-32473. 

-31434. 

2.346 

75U. 

-1541299. 

-1325847. 

92.340 

-32502. 

-31359. 

2.184 

(2  sigma) 

— 

— 

— 

4108. 

40  98. 

0.285 

aUO. 

-15403o8. 

-1311507. 

85.633 

-32566. 

-31281. 

2.042 

330. 

-1539370. 

-1297212. 

79.717 

-33382. 

-31193. 

1.917 

9UU. 

-1539157. 

-1232958. 

74.461 

-33105. 

-31072. 

1.803 

950. 

-1547334. 

-1268473. 

69.745 

-32809. 

-30967. 

1.703 

968.500 

-1547107. 

-1263044. 

68.120 

-32696. 

-30932. 

1.668 

1000. 

-1546637. 

-1253812. 

65.492 

-325CC. 

-30878. 

1.613 

(2  sigma) 

— 

— 

— 

4108. 

4099. 

0.214 

1050. 

-1545896. 

-1239189. 

61.646 

-32183. 

-30804. 

1.532 

1100. 

-1545166. 

-1224601. 

58.151 

-31862. 

-30746. 

1.460 

1150. 

-1544450. 

-1210046. 

54.962 

-3  1 542. 

-30703. 

1.395 

1200. 

-1543750. 

-1195522. 

52.040 

-31227. 

-30673. 

1.335 

1250. 

-1543070. 

-1181027. 

49.352 

-30920. 

-30656. 

1.281 

(2  sigma) 

— 

— 

— 

4108. 

4101. 

0.171 

1257.400 

-1542972. 

-1178884. 

48.973 

-30875. 

-30655. 

1.273 

1300. 

-1542412. 

-1166553. 

46.373 

-30624. 

-30652. 

1.232 

1350. 

-1541778. 

-1152114. 

44.578 

-30343. 

-30658. 

1.136 

1400. 

-1666623. 

-1134089. 

42.313 

-30030. 

-30675. 

1.144 

1450. 

-1665201. 

-1115095. 

40.170 

-29836. 

-30700. 

1.106 

1500. 

-1663781. 

-1096150. 

38.171 

-29614. 

-30734. 

1.070 

(2  sigma) 

— 

— 

— 

4109. 

4105. 

0.143 

1550. 

-1662363. 

-1077253. 

36.303 

-29417. 

-30775. 

1.037 

1600. 

-1660949. 

-1058401. 

34.553 

-29247. 

-30821. 

1.006 

1650. 

-1659540. 

-1039593. 

32.911 

-29105. 

-30873. 

0.977 

1700. 

-1708645. 

-1020378. 

31.352 

-28994. 

-30923. 

0,950 

1750. 

-1707104. 

-1000157. 

29.353 

-28915. 

-30986. 

0.925 

(2  sigma) 

— 

— 

— 

4113. 

4111. 

0.123 

1300. 

-17055oo. 

-979980. 

28.438 

-28871. 

-31046. 

0. 90 1 

(2  sigma) 

— 

4114. 

4112. 

0.119 
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Tade  12b.  Thermopnysical  values  for  protoenstatite,  sigSiO,,  at  1. 01325 
oars  (1  atm).  The  taDulations  are  oased  on  a fit  of  the 
thermopnysical  and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H (293)  [G-H(298)]/T  V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cm3./mol 


200. 

62.755 

250. 

72.309 

(2  sigma) 

7.141 

273.150 

76.499 

298.150 

79.990 

(2  s^gma) 

5.960 

300. 

80.231 

350. 

85.998 

400. 

90.648 

450. 

94.499 

500. 

37.757 

(2  sigma) 

3.430 

550. 

100.560 

500. 

- 103.005 

550. 

105.152 

7UG. 

107.083 

750. 

108.809 

(2  sigma) 

2.726 

800. 

110.371 

dot). 

111.793 

900. 

113.094 

95U. 

114.291 

1U0U. 

115.398 

(2  sigma) 

2.943 

1050. 

115.424 

1100. 

117.380 

1150. 

113.272 

1200. 

119.109 

1250. 

119.394 

(2  sigma) 

3.336 

1257.400 

120.006 

1300. 

120.634 

1350. 

121.332 

1400. 

121.992 

1450. 

122.519 

1500. 

122.213 

(2  sigma) 

2.716 

1550. 

122.773 

1500. 

124.317 

1550. 

124.331 

1700. 

125.222 

1750. 

125.792 

[2  sigma) 

4.043 

iaoo. 

126.243 

(2  sigma) 

4.108 

53.053 

-7089. 

53.199 

-3586, 

5.625 

314, 

74.312 

-1957, 

31.665 

0, 

4.322 

0. 

32.161 

148, 

94.979 

4309, 

106.775 

8730, 

117.582 

13361, 

127.312 

18170, 

3.347 

393, 

137.263 

23129, 

146.120 

28220, 

154.452 

33425, 

162.317 

38732, 

169.755 

44130, 

2.515 

1555, 

176.338 

49610, 

133.573 

55165, 

190.000 

60787, 

196. 147 

56472 

202.033 

72215, 

1.303 

2077 

207.593 

78011, 

213.132 

83356, 

213.369 

39748, 

223.421 

95632 

228.299 

101658, 

1.463 

2628, 

229.007 

102545, 

233.015 

107571 

237.582 

113720, 

242.007 

119804 

246.298 

125919 

250.466 

132065 

1.272 

3278, 

254.515 

138240 

253.453 

144442, 

252.287 

150671 

256.021 

156925 

259.560 

153203 

1.363 

4042 

273.210 

159504 

1.415 

4208 

-38.500 

32.2467 

-32.944 

32.2932 

4.755 

0.1218 

-31.977 

32.3147 

-31.665 

32.3330 

4.322 

0.1154 

-31.667 

32.3397 

-32.666 

32.3862 

-34.952 

32.4327 

-37  . 991 

32.4792 

-91.472 

32.5257 

4.424 

0.0908 

-95.210 

32.5721 

-99.088 

32.5186 

-103.029 

32.6651 

-106.986 

32.7116 

-110.925 

32.7531 

3.315 

0.0689 

-114.325 

32.8046 

-113.673 

32.8511 

-122.458 

32.3976 

-126.176 

32.9440 

-129.323 

32.9905 

3.324 

0.0661 

-133.397 

33.0370 

-136.399 

33.0335 

-140.328 

33.1300 

-143.635 

33.1765 

-146.973 

33.2230 

2.920 

0.0843 

-147.454 

33.2299 

-150.192 

33.2695 

-153.345 

33.3159 

-156.433 

33.362  4 

-159.453 

33.4039 

-162.422 

33.4554 

2.578 

0.1137 

-165.328 

33.5019 

-168.177 

33.5434 

-170.971 

33.5949 

-173.712 

33. 64  1 4 

-176.401 

33.6379 

2.284 

0.1479 

-179.041 

33.  7343 

2.231 

0.1550 
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Table  127.  Thermochemical  properties  of  protoenstatite,  MgSiO.,,  at 
1.01325  bars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

2UJ. 

-1530560. 

-1476188. 

385.541 

-200U3. 

-22  508. 

5.  9U5 

25U. 

-1531361. 

-1462496. 

305.572 

-19923. 

-23272. 

4.863 

(2  sigma) 

— 

— 

— 

5530. 

4850. 

1.013 

273.150 

-1531637. 

-1456106. 

278.452 

-19936. 

-23582. 

4.510 

298.150 

-1531885. 

-1449182. 

253.891 

-19976. 

-23914. 

4.190 

(2  sigma) 

— - 

— 

— 

5502. 

4746 . 

0.832 

300. 

-1531901. 

-1448669. 

252.235 

-19980. 

-23939. 

4.168 

350. 

-1532259. 

-1434766. 

214.127 

-20129. 

-24538. 

3.670 

400. 

-1532431. 

-1420822. 

185.540 

-20349. 

-25211. 

3.292 

450. 

-1532599. 

-1406857. 

153.304 

-20627. 

-25802. 

2.995 

500. 

-1532636. 

-1392S83. 

145.513 

-20958. 

-26360. 

2.754 

(2  sigma) 

. 

— 

— - 

5263. 

44  32. 

0.463 

550. 

-1532609. 

-1378909. 

130.958 

-21339. 

-26882. 

2.553 

500. 

-1532533. 

-1364  939. 

113.328 

-21767. 

-27367. 

2.383 

550. 

-1532421. 

-1350977. 

108.566 

-22242. 

-27815. 

2.235 

700. 

-1532282. 

-1337025. 

99.770 

-22763. 

-28225. 

2. 106 

750. 

-1532127. 

-1323083. 

92.148 

-23330. 

-28595. 

1.992 

(2  sigma) 

— 

— 

— 

4993. 

4219. 

0.294 

800. 

-1531965. 

-1309152. 

35.479 

-23943. 

-28926. 

1.839 

350. 

-1531802. 

-1295232. 

79.595 

-25314. 

-29213. 

1.795 

900. 

-153  1 643. 

-1281320. 

74.366 

-25596. 

-29434. 

1.703 

950. 

-1540434. 

-1267146. 

69.572 

-25859. 

-29640. 

1.530 

1000. 

-1540244. 

-1252767. 

65.438 

-26107. 

-29832. 

1.558 

(2  sigma) 

— 

— 

— 

4722. 

4128. 

0.216 

1050. 

-1540055. 

-1238398. 

61.607 

-25341. 

-30013. 

1.493 

11UU. 

-1539670. 

-1224037. 

58.125 

-26566. 

-30152. 

1.433 

1150. 

-1539091. 

-1209685. 

54.946 

-26783. 

-30342. 

1.378 

1200. 

-1539518. 

-1195341. 

52  . 032 

-26994. 

-30492. 

1.327 

1250. 

-1539353. 

-1181004. 

49.351 

-27202. 

-30634. 

1.2S0 

(2  sigma) 

— 

— 

— 

4503. 

4105. 

0.172 

1257.400 

-1539329. 

-1178882. 

48.973 

-27233. 

-30654. 

1.273 

1300. 

-1539197. 

-1166673. 

46.377 

-27409. 

-30757. 

1.236 

1350. 

-1539051. 

-1152348. 

44.587 

-27616. 

-30892. 

1.195 

1400. 

-1664368. 

-1134424. 

42.326 

-27825. 

-31009. 

1.157 

1450. 

-1663403. 

-1115514. 

40.135 

-28037. 

-31119. 

1.121 

1500. 

-1662422. 

-1096538. 

38.188 

-28255. 

-31222. 

1.087 

(2  sigma) 

— 

— 

— 

440  9. 

4117. 

0.143 

1550. 

-1661425. 

-1077795. 

36.321 

-28479. 

-31317. 

1.055 

1600. 

-1660413. 

-1058985. 

34.572 

-23711. 

-31405. 

1.025 

1650. 

-1659336. 

-1040206. 

32.930 

-28952. 

-31436. 

0.997 

1700. 

-1708854. 

-1021008. 

31.372 

-29203. 

-31559. 

0.970 

1750. 

-1707655. 

-1000795. 

29.372 

-29466. 

-31624. 

0.944 

(2  sigma) 

— 

— 

— 

4507. 

4151. 

0.124 

1800. 

-1706437. 

-980615. 

23.457 

-29742. 

-31682. 

0.919 

(2  sigma) 

— * 

— 

4554. 

4160. 

0.121 
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Table  128.  Theraopnysical  values  for  forsterite,  Mg-SiO^,  at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  a^fit  of  the 
theraopnysical  and  theraochemical  data  given  in  Section  1.5.5. 


T Cp  S H-H(298)  [G-H(298)]/T  V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  <)  cm3/mol 


200. 

84.941 

2bU. 

104.867 

(2  sigma) 

0.185 

273.150 

111.759 

298.150 

118.099 

(2  sigma) 

0.297 

300. 

118.530 

350. 

123.641 

400. 

136.515 

450. 

142.375 

SCO. 

148.153 

(2  sigma) 

0.563 

550. 

152.525 

500. 

156.482 

550. 

- 159.351 

700. 

162.323 

750. 

165.485 

(2  sigma) 

0.960 

300. 

167.375 

350. 

170.040 

900. 

172.014 

950. 

173.324 

1000. 

175.490 

(2  sigma) 

1.294 

iu5U. 

177.032 

1100. 

178 . 464 

Il50. 

179.799 

1200. 

181.047 

1250. 

182.217 

(2  sigma) 

1.552 

1300 . 

183.317 

1350. 

184.354 

1^00. 

135.333 

1450. 

136.251 

1500. 

187.140 

(2  sigma) 

1.755 

1550. 

187.975 

1500. 

138. 771 

1550. 

139.530 

1700. 

190.254 

1750. 

ISC. 946 

<1  s^cna) 

1.919 

1300. 

191.509 

(2  sigma) 

1.948 

54.595 

-10165 

75.347 

-5385 

3.633 

11. 

35.443 

-2875 

95.511 

0. 

3.532 

0 

96.243 

219 

115.309 

6410, 

133.020 

13046, 

149.479 

20036, 

164.314 

27316 

3.629 

35 

179.150 

34833, 

192.599 

42568 

205.260 

50478 

217.213 

53546, 

223.544 

56755 

3.637 

259 

239.301 

75090 

249.545 

33539 

259.321 

92091 

263.570 

100738, 

277.629 

139471 

3. 669 

525 

23d. 229 

113205, 

294.498 

127173, 

302.4ol 

136130, 

310.140 

145151, 

317.554 

154233. 

3.725 

870, 

324.723 

163372, 

331.561 

172564, 

333.333 

131806. 

344.303 

191096, 

351.233 

200431. 

3.302 

1274, 

357.333 

209809, 

363.363 

219223. 

359.134 

223636. 

374.353 

233131, 

330.373 

247711, 

3.393 

1725, 

385.756 

257275. 

3.912 

1321, 

-105.421 

43.5534 

-97.336 

43.6002 

3.532 

0.0406 

-95  . 96  9 

43.6246 

-95.511 

43. 5527 

3.632 

0.0203 

-95.513 

43.5543 

-96.996 

43.7162 

-100.405 

43.7832 

-104.955 

43.3550 

-110.133 

43.9308 

3.531 

0.0751 

-115.303 

44.0101 

-121.652 

44.0923 

-127.502 

44.1769 

-133.530 

44.2637 

-139.536 

44.3521 

3.628 

0.0843 

-145.438 

44.4421 

-151.263 

44.5334 

-156.997 

44.5257 

-162.630 

44.7189 

-163.158 

44.3129 

3.527 

0.0369 

-173.577 

44. 30  75 

-178.087 

45.0027 

-184. U87 

45.0983 

-189.181 

45.1943 

-194.168 

45.2907 

3. 530 

0.1331 

-199.052 

45.3374 

-203.336 

45.4842 

-208.522 

45.5313 

-213.113 

45.5736 

-217.512 

45 . 77  60 

3.539 

0.2080 

-222.022 

45.3735 

-225.346 

45.9712 

-230.536 

46.0689 

-234.746 

46.1667 

-233.329 

46.2545 

3.553 

0.2936 

-2 42.335 

46.3624 

3. 556 

0. 3114 
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TaDle  129.  Thermochemical  properties  of  forsterite,  Mg-SiO.,  at  1.01325 
Dars  (1  atm).  Columns  2 through  4 give  the'thermochemical 


val ues 

rel ative  to 

the  elements; 

coi umns 

5 through  7 

give  the 

val ues 

relative  to 

the  oxides. 

Formation  from  the 

Elements 

Formation  from  the  Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-2170703. 

-2092666. 

546.548 

-59469. 

-59581. 

15.561 

250. 

-2172023. 

-2072988. 

433.127 

-59522. 

-59603. 

12.453 

(2  sigma) 

- — 

— 

— 

7703. 

7434. 

1.553 

273.150 

-2172417. 

-2063799. 

394.661 

-59550. 

-59610. 

11.399 

298.150 

-2172729. 

-2053843. 

359.824 

-59583. 

-59614. 

10.444 

(2  sigma) 

— 

- 

— 

7703. 

7394. 

1.295 

300. 

-2172743. 

-2053105. 

357.477 

-59585. 

-59614. 

10.380 

350. 

-2173084. 

-2033133. 

303.428 

-59655. 

-59613. 

8.897 

400. 

-2173143. 

-2013134. 

262.888 

-59733. 

-59602. 

7.783 

450. 

-2172997. 

-1993140. 

231.357 

-59821. 

-59530. 

6.916 

500. 

-2172697. 

-1973170. 

206.136 

-59922. 

-59548. 

6.221 

(2  sigma) 

— 

— 

— 

7703. 

7268. 

0.759 

550. 

-2172278. 

-1953237. 

185.503 

-60040. 

-59505. 

5.651 

60U. 

-2171772. 

-1933346. 

168.313 

-60176. 

-59451. 

5.176 

ooU. 

-2171200. 

-1913500. 

153.771 

-60334. 

-59384. 

4.772 

70U. 

-2170586. 

-1893700. 

141.309 

-60515. 

-59305. 

4.425 

7=0. 

-2109946. 

-1873944. 

130.513 

-60722. 

-59211. 

4.124 

(2  sigma) 

— 

— 

— 

7706. 

7214. 

0.502 

800. 

-2169297. 

-1854232. 

121.069 

-o0957. 

-59103. 

3.859 

350. 

-2168656. 

-1834560. 

112.738 

-61933. 

-58974. 

3.624 

900. 

-2168035. 

-1814925. 

1G5.335 

-61806. 

-58803. 

3.413 

950. 

-2185303. 

-1794781. 

98.634 

-61646. 

-58641. 

3.224 

1000. 

-2184622. 

-1774245. 

92.677 

-61458. 

-58487. 

3.055 

(2  sigma) 

— 

— 

— 

7716. 

7274. 

0.380 

1050. 

-2183949. 

-1753743. 

87.244 

-61245. 

-58344. 

2.902 

1100. 

-2183289. 

-1733272. 

82.306 

-61012. 

-58211. 

2.764 

1150. 

-2182643. 

-1712832. 

77.799 

-60762. 

-58089. 

2.633 

1200. 

-2132015. 

-1692419. 

73.669 

-60497. 

-57979. 

2.524 

1250. 

-2181407. 

-1672031. 

69.870 

-60221. 

-57879. 

2.419 

(2  sigma) 

... 

— 

7744. 

7448. 

0.311 

1300. 

-2180821. 

-1651668. 

66.365 

-59937. 

-57791. 

2.322 

1350. 

-2180258. 

-1631327. 

63.120 

-59647. 

-57714. 

2.233 

1400. 

-2430627. 

-1603797. 

59.838 

-59353. 

-57648. 

2.151 

1450. 

-2428435. 

-1574306. 

56.713 

-59058. 

-57592. 

2.075 

1500. 

-2426214. 

-1544391. 

53.798 

-58764. 

-57547. 

2.004 

(2  sigma) 

--- 

— 

7795. 

7734. 

0.269 

1550. 

-2423967. 

-1515551. 

51.074 

-58472. 

-57511. 

1.938 

1600. 

-2421694. 

-1486283. 

48.522 

-58186. 

-57435. 

1.377 

1650. 

-2419396. 

-1457087. 

46.128 

-57907. 

-57467 . 

1.319 

1700. 

-2467582. 

-1427511. 

43.862 

-57636. 

-57453. 

1.765 

1750. 

-2465092. 

-1396957. 

41.697 

-57376. 

-57457. 

1.715 

(2  sigma) 

— 

— - 

— 

7377. 

8126. 

0.243 

I30u. 

-2462573. 

-1366475. 

39.6=4 

-57128. 

-57462. 

1.668 

(2  sigma) 

— 

— * 

7897. 

8217. 

0.238 
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Table  130.  Thermopnysical  values  for  chrysotile,  Mg^Si 90r (OH). , at 

1.01325  bars  (1  atm).  The  tabulations  are  Based  on  a fit  of 
the  tnermophysical  and  thermochemical  data  given  in  Section 
1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

V 

cm3/mol 

200. 

196.745 

127.091 

-23420. 

-244.190 

107.0710 

250. 

240.970 

175.972 

-12426. 

-225.676 

107.1752 

(2  sigma) 

0.499 

1.131 

25. 

1.127 

1.2252 

273.150 

257.763 

198.060 

-6649. 

-222.403 

107.2234 

298.150 

273.853 

221.342 

0. 

-221.342 

107.2755 

(2  sigma) 

0.770 

1.127 

0. 

1.127 

1.2170 

300. 

274.975 

223.039 

508. 

-221.34  7 

107.2794 

350. 

301.883 

267.524 

14954. 

-224.799 

107.3836 

400. 

323.696 

309.307 

30611. 

-232.779 

107.4878 

450. 

341.730 

348.506 

47261. 

-243.433 

107.5921 

500. 

356.878 

385.317 

54736. 

-255.844 

107.6963 

(2  sigma) 

4.320 

1.769 

570. 

1.149 

1.3111 

550. 

- 369.76b 

419.952 

82911. 

-269.205 

107.8005 

ouu. 

38U.349 

452.613 

101683. 

-283.141 

107.9047 

bbO. 

390.464 

4tt3.485 

120971. 

-297.376 

108.0089 

7uu. 

398.366 

512.736 

140709. 

-311.723 

108.1131 

75U. 

406.253 

540.512 

160841. 

-325.058 

108.2174 

(2  sigma) 

7.300 

3.987 

2114. 

1.515 

1.6534 

800. 

412.732 

566. 944 

181320. 

-340.294 

108.3216 

850. 

413.575 

592.146 

202107. 

-354.373 

108.4253 

900. 

423.734 

616.220 

223167. 

-368.256 

108.5300 

950. 

428.342 

639.256 

244471. 

-381.918 

108.6342 

1000. 

432.466 

661.334 

265993. 

-395.340 

108.7384 

(2  sigma) 

8.644 

5.056 

4000. 

2.279 

2.1321 

1050. 

436.163 

632.525 

287711. 

-408.515 

108.3427 

1100. 

439.482 

702.393 

309603. 

-421.436 

108.9469 

1150. 

442.463 

722.496 

331653. 

-434.102 

109.0511 

1200. 

445.142 

741.385 

353345. 

-446.514 

109.1553 

1250. 

447.548 

759.506 

376153. 

-458.575 

109.2595 

(2  sigma) 

10.342 

7.777 

6086. 

3.141 

2.5749 
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Table  131.  Thermochemical  properties  of  chrysotile,  Mg3Si20-(0K)4,  at 
1.01325  bars  (1  atm).  Columns  2 through  4 giv5  ?he 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

1 og  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-4470806. 

-4178448. 

1091.298 

-153888. 

-145013. 

37.373 

250. 

-4477197. 

-4104587. 

857.606 

-159030. 

-142175. 

29.706 

(2  sigma) 

— 

— 

— 

11722. 

11705. 

2.446 

273.150 

-4479664. 

-4069970. 

778.302 

-161073. 

-140521. 

26.872 

29b. 15u 

-4482037. 

-4032365. 

706.453 

-163105. 

-138548. 

24.273 

U sigma) 

— 

— » 

— 

11723. 

11703. 

2.050 

3UU. 

-44822U1. 

-4029575. 

701.611 

-163249. 

-138396. 

24.097 

35U. 

-4486142. 

-3953812. 

590.074 

-166397. 

-133959. 

19.992 

400. 

-4489252. 

-3877544. 

506.355 

-249642. 

-123225. 

16.092 

450. 

-4491704. 

-3800927. 

441.200 

-248426. 

-107493. 

12.477 

500. 

-4493634. 

-3724067. 

389.050 

-246962. 

-91910. 

9.602 

(2  sigma) 

— 

— 

— 

11775. 

11688. 

1.221 

550. 

-4495147. 

-3647034. 

346.366 

-245309. 

-76484. 

7.264 

600. 

-4496331. 

-3569878. 

310.785 

-243519. 

-61214. 

5.329 

650. 

-4497258. 

-3492634. 

280.671 

-241633. 

-46098. 

3.704 

700. 

-4497991. 

-3415327. 

254.855 

-239638. 

-31129. 

2.323 

750. 

-4498582. 

-3337973. 

232.477 

-237714. 

-16301. 

1.135 

(2  sigma) 

— 

— 

— 

12050. 

11665. 

0.812 

300. 

-4499080. 

-3250582. 

212.894 

-235737. 

-1505. 

0.105 

350. 

-4499526. 

-3  1 33  1 62. 

195.613 

-235205. 

12979. 

-0.798 

900. 

-4499957. 

-3105717. 

180.251 

-232442. 

27499. 

-1.596 

950. 

-4527189. 

-3027432. 

166.460 

-229603. 

41863. 

-2.302 

1000. 

-4527477. 

-2948490. 

154.013 

-226710. 

56076. 

-2.929 

(2  sigma) 

— 

— 

— 

12626. 

11729. 

0.613 

1050. 

-4527769. 

-2369533. 

142.751 

-223781. 

70143. 

-3.489 

1100. 

-4528073. 

-2790562. 

132.513 

-220832. 

34070. 

-3.992 

1150. 

-4528417. 

-2711577. 

123.164 

-217876. 

97863. 

-4.445 

1200. 

-4528796. 

-2632576. 

114.593 

-214928. 

111528. 

-4.855 

1250. 

-4529225. 

-2553558. 

106.707 

-211998. 

125070. 

-5.226 

(2  sigma) 

— 

— - 

— 

13515. 

12032. 

0.503 

Table  132. 


Thermophysical 
bars  (1  am), 
thermophysical 


values  for  talc,  Mg^Si .010(0H)7,  at  1.01325 
The  tabulations  are'basea  on  a' fit  of  the 
and  thermochemical  data  given  in  Section  1.5.5. 


T Cp  S H— H (298 ) [G-H(298)]/T  V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cm3/mol 


200. 

250. 

(2  sigma) 

273.150 

298.150 
(2  sigma) 

3uO. 

350. 

400. 

450. 

500. 

(2  sigma) 
550. 

500. 

650. 

700. 

750. 

(2  s^ama) 
300. 

350. 

900. 

950. 

1X0. 

(2  siama) 

1050. 

1100. 

1150. 

12U0. 

1250. 

(2  sigma) 


219.745 
80.133 
1.203 
302.061 
322.561 
0.739 
324.076 
357.691 
384.318 
405.959 
423.895 
0.792 
438.988 
451.344 
462.901 
472.489 
480.354 
1.084 
488.193 
494.657 
500.371 
505.434 
509.929 
1.160 
513.924 
517.477 
u20. 636 
523.443 
525.934 

1.328 


151.735 
207.648 
1.339 
233  . 436 

200.799 

1.328 

262.799 
315.387 
364.953 
411.510 
455.239 

1.356 
496.368 
535.131 
571.745 
606.409 
639.299 
1.457 
670.572 
700.366 
728.805 
755.997 
782.039 
1.594 
807.017 
831.003 
854.032 
376. 3U1 
397.720 
1.722 


-27144. 

-14560. 

45. 

-7815. 

0. 

0. 

598. 

17677. 

36252. 

56026. 

76786. 

109. 

98363. 

120648. 

143523. 

166913. 

190751. 

327. 

214982. 

239556. 

254435. 

239532. 

314969. 

537. 
340567. 
366354. 
392308. 
413412. 
444 o47. 
348. 


-287.456 

-265.887 

1.328 

-262.046 

-250.799 

1.328 
-260.305 
-264.381 
-274.324 
-287.007 
-301.667 

1.329 
-317.516 
-334.051 
-350.940 
-367.961 
-384.963 

1.340 

-401.345 

-418.535 

-434.988 

-451.173 

-467.070 

1.364 

-482.567 

-497.959 

-512.945 

-527.525 

-542.003 

1.400 


135.6673 
135.8134 
0.3281 
135.3810 
135.9541 
0.7563 
135.9595 
136. 1055 
136.2516 
136.3977 
136.5437 
0.6206 
136.5898 
136.3358 
136.9819 
137.1280 
137.2740 
0.3906 
137.4201 
137.5661 
137.7122 
137.3583 
138.0043 
1.3319 
138.1504 
138.2965 
138.4425 
138. 5386 
138.7346 
1.9326 
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Table  123.  Thermochemical  properties  of  talc,  Mg-^Si  .O.gtOHU,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  theuthermochemical 
values  relative  to  the  elements;  columns  5 through  7 give  the 
values  relative  to  the  oxides. 


Formation  from  the 

Elements 

Formation  from  the 

Oxides 

T 

H 

G 

log  K. 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-6179020. 

-5736774. 

1498.291 

-156827. 

-150212. 

39.231 

250. 

-6190709. 

-5624813. 

1175.239 

-160013. 

-148170. 

30.958 

(2  sigma) 

- — 

— 

— 

13081. 

13048. 

2.726 

273.150 

-6195456. 

-5572195. 

1065.573 

-161211. 

-147018. 

28.114 

298.150 

-6200218. 

-5514937. 

966.193 

-162363. 

-145667. 

25.520 

(2  sigma) 

— 

— 

— 

13080. 

13043. 

2.285 

300. 

-6200558. 

-5510684. 

959.495 

-162444. 

-145563. 

25.345 

350. 

-6209141. 

-5395011. 

805.161 

-164417. 

-142589. 

21.280 

400. 

-6216812. 

-5278174. 

689.258 

-205850. 

-135451. 

17.319 

450. 

-6223807. 

-5160418. 

599.005 

-205269. 

-127810. 

14.836 

500. 

-6230292. 

-5041912. 

526.725 

-204572. 

-119240. 

12.457 

(2  sigma) 

.... 

— 

— - 

13084. 

13024. 

1.361 

550. 

-6236395. 

-4922776. 

467.526 

-203823. 

-110743. 

10.517 

600. 

-6242212. 

-4803098. 

418.146 

-203069. 

-102314. 

8.907 

650. 

-6247823. 

-4682943. 

376.326 

-202354. 

-93947. 

7.550 

700. 

-6253294. 

-4562361. 

340.447 

-201712. 

-85633. 

6.390 

750. 

-6258678. 

-4441392. 

309.326 

-201171. 

-77361. 

5.388 

(2  sigma) 

--- 

— 

— 

13094. 

13U06. 

0.906 

8(JU. 

-8254024. 

-4320065. 

282.071 

-200755. 

-69121. 

4.513 

850. 

-6269373. 

-4198404. 

258.002 

-2U3336. 

-60  882. 

3.741 

90U. 

-6274762. 

-4076427. 

236.590 

-201 54U. 

-52554. 

3.050 

950. 

-6307002. 

-3953334. 

217.369 

-199663. 

-44328. 

2.437 

1000. 

-6312351. 

-3829319. 

200.023 

-197729. 

-36202. 

1.891 

(2  sigma) 

— 

— 

— 

13109. 

12997. 

0.679 

1050. 

-6317752. 

-3705035. 

184.315 

-195760. 

-28174. 

1.402 

1100. 

-6323217. 

-3580492. 

170.023 

-193773. 

-20241. 

0.961 

1150. 

-6328757. 

-3455698. 

156.963 

-191799. 

-12397. 

0.563 

1200. 

-6334381. 

-3330663. 

144.980 

-139840. 

-4639. 

0.202 

1250. 

-6340096. 

-3205391. 

133.946 

-187914. 

3038. 

-0.127 

(2  sigma) 

— 

— 

— * 

13129. 

13000. 

0.543 
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Taole  134.  Tnermopnysical  values  for  antnophyl 1 ite,  aU22 ) p » at 
1. 01325  oars  (1  atm).  The  taouiations  are  basSd^on  a Tit  of 
the  Tnermopnysical  and  thermochemical  data  given  in  Section 

1.5.5. 


T 

Cp 

S 

K 

J/(mol  K) 

J/(mol  K) 

200. 

476.042 

309.014 

250. 

582.722 

427.172 

(2  sigma) 

0.395 

1.032 

273.150 

523.991 

480.613 

298.150 

563.515 

537.004 

(2  sigma) 

0.838 

1.021 

300. 

666.361 

541.118 

350. 

732.181 

543.978 

400. 

784.583 

750.297 

450. 

326.807 

845.233 

500. 

361.200 

934.186 

(2  sigma) 

1.212 

1.116 

550. 

. 889.479 

1017.636 

600. 

912.918 

1096.067 

o5u. 

932.483 

1169.935 

7uu. 

948.917 

1239.659 

75o. 

9C2.3U2 

1305.614 

(2  sigma) 

2.474 

1.324 

6U0. 

974  . 600 

13&8.138 

350. 

984.683 

1427.533 

90o. 

993.354 

1484.068 

950. 

1000.363 

1537.982 

1000. 

1007.415 

1589.489 

(2  sigma) 

4.394 

1.840 

1050. 

1013.188 

1538.784 

1100. 

1018.326 

1636.038 

1150. 

1022.955 

1731.408 

1200. 

1027.183 

1775.036 

1250. 

1031.102 

1817.048 

(2  sigma) 

5.230 

2.782 

H-H (298) 
d/mol 

[G-H(298)]/T 
J/(mol  K) 

V 

cm3 /mol 

-56557. 

-592.298 

263.7887 

-30082. 

-547.499 

263.8268 

42. 

1.021 

2.5885 

-16105. 

-539.573 

263.8445 

0. 

-537.004 

263.3636 

0. 

1.021 

2 . 5884 

1230. 

-537.017 

263.8650 

36258. 

-545.384 

263.9031 

74225. 

-564.734 

263.9412 

114547. 

-590.684 

263.9794 

155776. 

-620.634 

264.0175 

181. 

1.025 

2.5883 

200565. 

-552.972 

264.0556 

245643. 

-036.662 

264.0938 

291793. 

-721.023 

254.1319 

338840. 

-755.602 

264.1700 

386642. 

-790.091 

264. 2081 

461. 

1.055 

2.5897 

435035. 

-824.282 

264.2463 

484073. 

-358.035 

254.2844 

533530. 

-891.257 

264.3225 

583390. 

-923.387 

264.3607 

633600. 

-955.889 

264.3988 

1202. 

1.  Ill 

2.5927 

584118. 

-987.243 

254.4369 

734908. 

-1017.940 

264.4751 

785942. 

-1047.980 

264.5132 

837197. 

-1077.371 

264.5513 

888655. 

-1106.123 

264.5395 

2508. 

1.236 

2.5972 

Table  135.  Thermochemical  properties  of  anthophyll ite,  Mg7SipO??(OH)  at 
1.01325  bars  (1  atm).  Columns  2 through  4 give  tne^ 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation  from  the 

El ements 

Formation  from  the 

Oxides 

T 

H 

G 

1 eg  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

-12047331. 

-11570007. 

3021.774 

-274258. 

-257075. 

59.753 

250. 

-12054571. 

-11449759. 

2392.294 

-276745. 

-264980. 

55.365 

(2  sigma) 

— 

— 

— 

29301. 

29292. 

5.120 

273.150 

-12056737. 

-11393651. 

2178.813 

-277679. 

-263848. 

50.456 

298.150 

-12058366. 

-11332884. 

1985.473 

-278531. 

-262543. 

45.996 

(2  sigma) 

— 

— - 

— 

29301. 

29291. 

5.132 

300. 

-12056460. 

-11328382. 

1972.445 

-278588. 

-262443. 

45.695 

3bo. 

-12059770. 

-112U6568. 

1672.488 

-279854. 

-259646. 

38.750 

40o. 

-12059098. 

-Ilu847u7. 

1447.513 

-320451. 

-253796. 

33.142 

450. 

-12056902. 

-10963025. 

1272.554 

-318962. 

-245551. 

28.503 

500. 

-12053539. 

-10841655. 

1132.619 

-317355. 

-237480. 

24  . 309 

(2  sigma) 

— 

- — 

— 

29303. 

29285. 

3.059 

550. 

-12049290. 

-10720666. 

1013.163 

-315760. 

-229571. 

21.803 

600. 

-12044384. 

-10600095. 

922.820 

-314283. 

-221802. 

19.310 

650. 

-12039005. 

-10479953. 

842.179 

-313015. 

-2141*8. 

17.209 

700. 

-12033310. 

-10360237. 

773.090 

-312027. 

-206532. 

15.415 

750. 

-12027429. 

-10240937. 

713.242 

-311382. 

-199075. 

13.365 

(2  sigma) 

— 

— 

— 

29313. 

29279. 

2.039 

800. 

-12021471. 

-10122031. 

660.900 

-311125. 

-191598. 

12.510 

850. 

-12015534. 

-10003498. 

614.740 

-316995. 

-1840  83. 

11.312 

900. 

-12009700. 

-9885312. 

573.728 

-314241. 

-176344. 

10.235 

950. 

-12066526. 

-9765545. 

536.947 

-311444. 

-168759. 

9.279 

1000. 

-12060606. 

-9644595. 

503.782 

-308646. 

-161322. 

8.427 

(2  sigma) 

— 

— 

- — 

29344. 

29274. 

1.529 

1050. 

-12054800. 

-9523937. 

473.790 

-305381. 

-154024. 

7.562 

1100. 

-12049129. 

-9403554. 

446. 537 

-303175. 

-1*6356. 

6.974 

1150. 

-12043609. 

-9283*24. 

421.666 

-300550. 

-139810. 

5.350 

1200. 

-12038250. 

-9163532. 

398.378 

-298024. 

-132876. 

5.784 

1250. 

-12033058. 

-9043859. 

377.922 

-295609. 

-126045. 

5.267 

(2  sigma) 

— * 

— 

— - 

29436. 

29277. 

1.223 
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Table  136.  Thermophysical  values  for  antigorite,  Mg.oSi -u0ac(0H)g;? » at 
1.01325  bars  (1  atm).  The  tabulations  are  baled  on  a°Tit  of 
the  thermophysical  and  thermochemical  data  given  in  Section 
1.5.5. 


T Cp  S H-H (298 ) [G-H(298)]/T  V 

K J/(mol  K)  J/(mol  K)  J/mol  J/(mol  K)  cm3/mol 


2U0. 

250. 

(2  sigma) 

273.150 

298.150 
(2  sigma) 

300. 

350. 

400. 

450. 

500. 

(2  sigma) 
550. 

600. 

650. 

700. 

750. 

(2  sigma) 
800. 

350. 

900. 

950. 

1000. 

(2  sigma) 
1050. 
1100. 

11 5U. 

I2u0. 

1250. 

(2  sigma) 


3187.253 
3903.932 
8.082 
4175.912 
4436. 520 
12.488 
4454.596 
4890.106 
5242.994 
5534.599 
5779.416 
78.216 
5987.621 
6166.575 
6321.739 
6457.258 
6576.337 

118.420 
6681.498 
6774.756 
6857.741 
6931.789 
6998.004 

140.061 

7057.311 

7110.487 

7158.194 

7200.998 

7239.385 

175.420 


2079.151 

2871.061 

18.445 

3228.897 

3606.080 

18.387 

3633.579 

4354.200 

5031.003 

5665.895 

6262.055 

28.792 

6822.914 

7351.768 

7851.628 

8325.190 

8774.842 

64.752 

9202.695 

9610.612 

10000.241 

10373.041 

10730.311 

98.307 

11073.206 

11402.762 

11719.907 

12025.478 

12320.230 

126.177 


-379417. 

-201307. 

406. 

-107721. 

0. 

0. 

8224. 

242243. 

495864. 

765525. 

1048546. 

9257. 

1342853. 

1646822. 

1959119. 

2278669. 

2604572. 

34310. 

2936071. 

3272523. 

3613376. 

3958149. 

4306424. 

64  900. 
4657334. 
5012053. 
5368792. 
5727791. 
6088818. 
98673. 


-3976.237 

-3676.290 

18.387 

-3623.263 

-3606.080 

18.387 

-3606.164 

-3662.077 

-3791.343 

-3964.729 

-4164.962 

18.748 

-4381.355 

-4607.065 

-4837.598 

-5069.948 

-5302.080 

24.672 

-5532.606 

-5760.585 

-5985.379 

-6206.569 

-6423.387 

37.059 

-6637.174 

-6846.350 

-7051.393 

-7252.319 

-7449.175 

51.027 


1745.6268 

1747.4221 

12.7897 

1748.2533 

1749.1510 

12.7276 

1749.2174 

1751.0127 

1752.8080 

1754.6033 

1756.3986 

13.7113 

1758.1939 

1759.9892 

1761.7845 

1763.5798 

1765.3751 

17.1262 

1767.1704 

1768.9657 

1770.7610 

1772.5563 

1774.3517 

21.8975 

1776.1470 

1777.9423 

1779.7376 

1781.5329 

1783.3282 

27.3236 


/ 
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Table  137.  Thermochemical  properties  of  antigorite,  Mg.^Si 7.0j,c (0H),? , at 
1.01325  bars  (1  atm).  Columns  2 through  4 glveJthe3 


thermochemical  values  relative 

to  the  elements,  columns  5 

through  7 give  the 

values  relative  to  the 

oxides. 

Formation  from  the 

£1 ements 

Formation  from  the 

Oxides 

T 

H G 

log  K 

H 

G 

1 og  K 

K 

J/mol  J/mol 

J/mol 

J/mol 

200. 

-71308557.  -67838940. 

17717.701 

-2572031. 

-2436498. 

636.348 

250. 

-71364590.  -66964522. 

13991.461 

-2651734. 

-2393018. 

499.993 

(2  sigma) 

— 

— 

224225. 

223949. 

46.792 

273.150 

-71382546.  -66556233. 

12727.580 

-2683386. 

-2367618. 

452.761 

298.150 

-71397109.  -66113823. 

11582.859 

-2714846. 

-2337300. 

40  9.485 

(2  sigma) 

...  

— 

224232. 

223907. 

39.228 

300. 

-71398003.  -66081038. 

11505.723 

-2717079. 

-2334951. 

406.551 

350. 

-71413640.  -65193422. 

9729.579 

-2773515. 

-2266706. 

338.287 

400. 

-71415142.  -64304567. 

8397.309 

-4055953. 

-2100871. 

274.345 

450. 

-71405292.  -63416230. 

7361.159 

-4036981. 

-1857579. 

215.622 

500. 

-71386271.  -62529500. 

6532.407 

-4014194. 

-1616614. 

168.886 

(2  sigma) 

....  

— 

225291. 

223600. 

23.359 

550. 

-71359831.  -61645048. 

5854.554 

-3988543. 

-1378078. 

130.879 

600. 

-71327414.  -60763275. 

5289  . 909 

-3960830. 

-1141973. 

99.418 

650. 

-71290230.  -59884410. 

4812.367 

-3931732. 

-908241. 

72.987 

700. 

-71249313.  -59008553. 

4403.269 

-3901321. 

-676783. 

50.502 

75U. 

-71205561.  -58135725. 

4048.929 

-3871584. 

-447478. 

31.165 

(2  siyma) 

— - — 

— 

230028. 

222836. 

15.520 

800. 

-71159767.  -57265887. 

3739.076 

-3841439. 

-220139. 

14.377 

abu. 

-71112638.  -56398958. 

3465.856 

-3835959. 

5405. 

-0.332 

90U. 

-71064814.  -55534825. 

3223.155 

-3792639. 

230124. 

-13.356 

9bU. 

-71445345.  -54660321. 

3005.432 

-3748118. 

452402. 

-24.875 

1000. 

-71394390.  -53778214. 

2809.084 

-3702733. 

672311. 

-35.118 

(2  sigma) 

— 

— 

239070. 

222927. 

11.644 

1050. 

-71343099.  -52898666. 

2631.563 

-3656777. 

889934. 

-44.272 

1100. 

-71291734.  -52021564. 

2470.296 

-3610512. 

1105361. 

-52.489 

1150. 

-71240518.  -51146795. 

2323.159 

-3564170. 

1318681. 

-59.396 

1200. 

-71139651.  -50274247. 

2188.379 

-3517959. 

1529988. 

-66.599 

1250. 

-71139306.  -49403808. 

2064.471 

-3472064. 

1739374. 

-72.684 

(2  sigma) 

— * — 

— 

252396. 

226079. 

9.447 
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TaDle  138. 


Thermopnysical  values  for  the  element  oxygen  (0-)  at  1.01325 
Dars  (1  atm).  The  sources  of  data  are  given  infection  1.5.5. 


T 

K 

Cp 

J/(mol  k) 

S 

J/lmol  K.) 

H-H(298) 

J/mol 

i.G-H(298)  j/T 
J/(mol  K) 

V 

cm3/mo1 

200. 

29.198 

193.397 

-2861. 

-207.702 

250. 

29.087 

199.388 

-1407. 

-205.514 

— 

(2  sigma) 

— 

- — 

— 

— 

— 

273.15 

29.199 

202.463 

-732. 

-205.148 

— 

298.15 

29.377 

205.033 

-0« 

-205.033 

— 

(2  sigma) 

— 

— 

— 

— 

— 

3C0. 

29.391 

205.214 

54. 

-205.033 

— 

350. 

29.836 

209.778 

1535. 

-205.393 

— 

400. 

30.320 

213.793 

3039. 

-206.197 

— 

450. 

30.305 

217.392 

4567. 

-207.244 

— 

500. 

31.274 

220.662 

6119. 

-208.425 

— 

(2  s^gma) 

— 

— 

— 

— 

— 

550. 

31.722 

223.664 

7694. 

-209.676 

— 

500. 

32.145 

226.443 

9291. 

-210.959 

— 

650. 

32.545 

229.032 

10908. 

-212.250 

— 

700. 

32.921 

231.457 

12545. 

-213.537 

— 

750. 

' 33.275 

233.741 

14200. 

-214.808 

— 

(2  sigma) 

— 

— 

— 

— 

— 

800. 

33.507 

235.899 

15872. 

-216.059 

— 

850. 

33.919 

237.946 

17560. 

-217.287 

— 

SUO. 

34.212 

239.893 

19263. 

-218.489 

— 

9oU. 

34.487 

241.750 

2uyai. 

-219.565 

— 

1UUU. 

34. 744 

243.526 

22712. 

-220.814 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1U5U . 

34.985 

245.227 

24455. 

-221.936 

— 

110U. 

35.209 

246.360 

26210. 

-223.032 

— 

1150. 

35.419 

248.429 

27976. 

-224.103 

— 

1200. 

35.513 

249.941 

29752. 

-225.148 

— 

1250. 

35.793 

251.399 

31537. 

-225.159 

— 

(2  siama) 

— 

— 

— 

— 

— 

1300. 

35.960 

252  . 305 

33331. 

-227.167 

— 

1350. 

36.112 

254.166 

35133. 

-228.142 

— 

1400. 

36.252 

255.432 

36942. 

-229.095 

— 

1450. 

36.378 

256.756 

38757. 

-230.027 

— 

1500. 

36.492 

257.991 

40579. 

-230.938 

— 

(2  s’gma) 

— - 

— 

— 

— 

— 

1550. 

36.594 

259.189 

42406. 

-231.330 



1500. 

36.683 

260.353 

44238. 

-232.704 

— 

1550. 

36.750 

261.483 

46075. 

-233.559 

— 

1700. 

36.325 

262.581 

47914. 

-234.396 

— 

1750. 

36.380 

253.649 

49757. 

-235.217 

— 

(2  sigma) 

— - 

— 

— 

— 

— 

1800. 

36.922 

264.589 

51502. 

-236.021 

— 

(2  sigma) 

— 

— 
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Tade  139.  Theraochemical  properties  of  the  element  oxygen  (OH  at 
1.01325  Pars  (1  atm).  Columns  2 through  4 give  the 
thermochemical  values  relative  to  the  elements;  columns  5 
through  7 give  the  values  relative  to  the  oxides. 


Formation 

from  the 

El ements 

Formation 

from  the 

Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

200. 

0. 

0. 

0. 

... 

mam  — 

250. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

273.15 

0. 

0. 

0. 

— 

— 

— 

298.15 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

300. 

0. 

0. 

0. 

— 

— 

— 

350. 

0. 

0. 

0. 

— 

— 

400. 

0. 

0. 

0. 

— 

— 

— 

450. 

0. 

0. 

0. 

— 

— 

— 

500. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

5aU. 

0. 

0. 

u. 

— 

— 

— 

ouu. 

0. 

0. 

0. 

. — 

— 

— 

55u. 

0. 

0. 

0. 

— 

— 

— 

700. 

0. 

0. 

0. 

— 

— 

— 

750. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

300. 

0. 

0. 

0. 

— 

— 

— 

350. 

0. 

0. 

0. 

— 

— 

— 

900. 

0. 

0. 

0. 

— 

— 

— 

950. 

0. 

0. 

0. 

— - 

— 

— 

1000. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1050. 

0. 

0. 

0. 

— 

— 

— 

lioc. 

0. 

0. 

0. 

— 

— 

— 

1150. 

0. 

0. 

0. 

— 

— 

— 

1200. 

0. 

0. 

Q# 

— 

— 

— 

1250. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1300. 

0. 

0. 

0. 

— 

— 

- — 

1350. 

0. 

0. 

0. 

— 

— 

1400. 

0. 

0. 

0. 

— 

— 

— 

1450. 

0. 

0. 

0. 

— 

— 

— 

1500. 

0. 

0. 

0. 

— 

— 

— 

(2  siama) 

0. 

0. 

0. 

— 

— 

— 

1550. 

0. 

0. 

0. 

— 

— 

— 

louO. 

0. 

0. 

0. 

— 

— 

— 

losu. 

0. 

0. 

0. 

— 

— 

— 

i700. 

u. 

0. 

0. 

— 

— 

— 

1750. 

0. 

0. 

0. 

— 

- — 

— 

(2  sicma) 

0. 

0. 

0. 

— 

— 

— 

1800. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 
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Table  140 


Thermophysical  values  for  stable  phases  of  the  element  silicon 
(Si)  at  1.01325  bars  (1  atm).  The  sources  of  data  are  given 
in  Section  1.5.5. 


T 

K 

Cp 

J/(mol  K) 

S 

J/(mol  K) 

H-H (298) 
J/mol 

[G-H(298)]/T 
J/(mol  K) 

V 

cm3 /mol 

200. 

15.538 

silicon  (crystal) 

11.648  -1775. 

-20.521 

250. 

18.271 

15.440 

-923. 

-19.130 

— 

(2  sigma) 

— 

— 

— 

... 

— 

273.15 

19.154 

17.097 

-489. 

-18.888 



298.15 

19.946 

18.810 

0. 

-18.310 

... 

(2  sigma) 

— 

— 

— 

— 

- — 

3UU. 

19.999 

18.934 

37. 

-18.810 

— 

35U. 

21.222 

22.113 

1069. 

-19.059 

— 

4U0. 

22.146 

25.010 

2154. 

-19.624 

— 

45U. 

22.875 

27.062 

3280. 

-20.372 

— 

500. 

23.470 

30.104 

4439. 

-21.225 

— - 

(2  sigma) 

— 

— 

— 

— 

— 

550. 

23.970 

32.365 

5626. 

-22.136 

— 

600. 

' 24.398 

34.469 

6835. 

-23.077 

— 

650. 

24.771 

36.437 

8065. 

-24.030 

... 

700. 

25.100 

38.285 

9312. 

-24.983 

— 

750. 

25.394 

40.027 

10574. 

-25.928 

... 

(2  sigma) 

— 

— 

— 

— 

— 

300. 

25.659 

41.675 

11851. 

-26.861 

— 

850. 

25.901 

43.238 

13140. 

-27.779 

... 

900. 

26.122 

44.724 

14440. 

-28.680 

— 

950. 

26.327 

46.142 

15752. 

-29.562 

- — 

1000. 

26.517 

47.498 

17073. 

-30.425 

— 

(2  sigma) 

— - 

— 

— 

— 

— 

1050. 

26.693 

48.796 

18403. 

-31.269 

— 

1100. 

26.859 

50.041 

19742. 

-32.094 

— 

1150. 

27.015 

51.239 

21089. 

-32.901 

— 

1200. 

27.162 

52.392 

22443. 

-33.689 

— 

1250. 

27.302 

53.503 

23805. 

-34.459 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

27.435 

54.577 

25173. 

-35.213 

— 

1350. 

27. 561 

55.614 

26548. 

-35.949 

— 

14U0. 

27.682 

56.019 

27929. 

-36.669 

1450. 

27.797 

57.592 

29316. 

-37.374 

— 

1500. 

27.908 

58.537 

30709. 

-38.064 

— 

(2  sigma) 

— 

— 

— 

— 

— 

1550. 

28.015 

59.454 

32107. 

-38.739 

— 

1600. 

28.118 

60.345 

33510. 

-39.401 

— 

1650. 

28.217 

61.211 

34919. 

-40.048 

— 

1685. 

28.285 

61.804 

35908. 

-40.494 

— 

1685. 

25.522 

silicon  (liquid) 
91.805 

86459. 

-40.494 

1700. 

25.522 

92.031 

36841 . 

-40.948 

— 

1750. 

25.522 

92.771 

88117. 

-42.413 

— 

(2  sigma) 

— 

— 

— 

— 

1800. 

25.522 

93.490 

89394. 

-43.327 

— 

(2  sigma) 

— 

— 

— “ 
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Table  141.  Thermochemical  properties  of  stable  phases  of  the  element 
silicon  (Si)  at  1.01325  bars  (1  atm).  Columns  2 through  4 
give  the  thermochemical  values  relative  to  the  elements; 
columns  5 through  7 give  the  values  relative  to  the  oxides. 


Formation 

from  the 

Elements 

Formation 

from 

the  Oxides 

T 

H 

G 

log  K 

H 

G 

log  K 

K 

J/inol 

J/mol 

J/mol 

J/mol 

si  1 icon 

(crystal ) 

20U. 

0. 

0. 

0. 

— 



— 

2bU. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

. — 

273.15 

0. 

0. 

0. 

— 

— 

— 

298.15 

0. 

0. 

0. 

— 

... 

... 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

300. 

0. 

0. 

0. 

— 

— 

— 

350. 

0. 

0. 

0. 

— 

... 

— 

400. 

0. 

0. 

0. 

— 

- — 

... 

450. 

0. 

0. 

0. 

— 

— 

— . 

500. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

550. 

0. 

0. 

0. 

— 

— 

— 

600. 

0. 

0. 

0. 

— - 

— 

— 

650. 

0. 

0. 

0. 

— - 

... 

— 

700. 

0. 

0. 

0. 

- — 

— 

__ 

750. 

0. 

0. 

0. 

- — 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

800. 

0. 

0. 

0. 

— 

--- 

— 

850. 

0. 

0. 

0. 

— 

. — 

... 

900. 

0. 

0. 

0. 

... 

... 

... 

95U. 

0. 

0. 

0. 

— 

— 

— 

1000. 

u. 

0. 

0. 

— 

— 

(2  sigma) 

0. 

0. 

u. 

— 

— 

— 

lUbU. 

u. 

u. 

u. 

— 

... 

... 

110U. 

0. 

0. 

u. 

— 

— 

. — 

1150. 

0. 

0. 

u. 

— 

— 

12UU. 

u. 

u. 

0. 

— 

— 

... 

1250. 

0. 

0. 

0. 

... 

... 

— 

(2  sigma) 

0. 

0. 

0. 

... 

— 

— 

1300. 

0. 

0. 

0. 

... 

— - 

1350. 

0. 

0. 

0. 

— 

... 

1400. 

0. 

0. 

0. 

... 

— 

... 

1450. 

0. 

0. 

0. 

... 

— 

— 

1500. 

0. 

0. 

0. 

... 

. — 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1550. 

0. 

0. 

0. 

... 

— 

— 

1600. 

0. 

0. 

0. 

— 

— 

— 

1650. 

0. 

0. 

0. 

. — 

... 

— 

1685. 

0. 

0. 

0. 

— 

— 

— 

si  1 icon 

(liquid) 

1685. 

0. 

0. 

0. 

— 

— 

— 

1700. 

0. 

0. 

0. 

— 

— 

— 

1750. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— 

— 

— 

1300. 

0. 

0. 

0. 

— 

— 

— 

(2  sigma) 

0. 

0. 

0. 

— - 

— 

• — 
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Table  142.  Thermophysical  values  for  quartz,  SiO~,  at  1.01325  bars  (1 
atm).  The  tabulations  are  based  on  a^fit  of  the 
thermophysical  and  thennochemical  data  given  in  Section  1.5.5. 


T 

K 

Op 

J/(mol  K) 

S 

J/(mol  K ) 

H-H (298) 
J/mol 

IG-H(298)]/T 
J/(mol  K) 

V 

cm3/mol 

200. 

32.629 

26.024 

-3846. 

-45.251 

22.4533 

250. 

39.535 

34.083 

-2033. 

-42.216 

22.5212 

(2  sigma) 

— 

— 

— 

— 

— 

273.150 

42.175 

37.701 

-1087. 

-41.681 

22.5526 

298.150' 

44.741 

41.507 

0. 

-41.507 

22.5865 

(2  sigma) 

— 

— 

— 

— 

— 

300. 

44.921 

41.735 

83. 

-41.508 

22.5890 

350. 

49.351 

49.052 

2443. 

-42.072 

22.6569 

400. 

53.136 

55.895 

5007. 

-43.376 

22.7248 

450. 

56.459 

62.349 

7749. 

-45.129 

22.7926 

500. 

59.439 

68.454 

10648. 

-47.159 

22.8605 

(2  sigma) 

— 

— 

— 

— 

— 

550. 

62.156 

74.249 

13688. 

-49.361 

22.9283 

600. 

64.667 

79.766 

16860. 

-51.667  . 

22.9962 

650. 

67.011 

85.036 

20152. 

-54.032 

23.0641 

700. 

69.219 

90.083 

23559. 

-56.428 

23.1319 

750. 

71.314 

94.931 

27072. 

-58.835 

23.1998 

(2  sigma) 

— 

— 

— 

— 

— 

800. 

73.314 

99.598 

30688. 

-61.237 

23.2677 

844. 

75.007 

103.568 

33952. 

-63.341 

23.3274 

844. 

67.386 

104.467 

35287. 

-62.657 

23.5794 

850. 

67.445 

104.944 

35692. 

-62.954 

23.5794 

9UU. 

67.948 

108.814 

39076. 

-65.395 

23.5794 

950. 

58.450 

112.501 

42486. 

-67.778 

23.5794 

luuo. 

68.952 

116.025 

45921. 

-70.103 

23.5794 

(2  sigma) 

— 

— 

— 

— 

— 

1050. 

69.454 

119.401 

49382. 

-72.371 

23.5794 

1100. 

69.956 

122.644 

52867. 

-74.583 

23.5794 

1150. 

70.458 

125.764 

56377. 

-76.741 

23.5794 

1200. 

70.960 

128.774 

59913. 

-78.846 

23.5794 

1250. 

71.462 

131.681 

63473. 

-80.902 

23.5794 

(2  sigma) 

— 

— 

— 

— 

— 

1300. 

71.964 

134.493 

67059. 

-82.909 

23.5794 

1350. 

72.466 

137.219 

70670. 

-84.871 

23.5794 

1400. 

72.968 

139.363 

74306. 

-86.788 

23.5794 

1450. 

73.470 

142.432 

77967. 

-88.662 

23.5794 

1500. 

73.972 

144.932 

31653. 

-90.497 

23.5794 

(2  sigma) 

— 

— 

— 

— 

— 

1550. 

74.474 

147.365 

85364. 

-92.292 

23.5794 

1600. 

74.976 

149.738 

89100. 

-94.050 

23.5794 

1650. 

75.478 

152.052 

92861. 

-95.773 

23.5794 

1700. 

75.980 

154.313 

96648. 

-97.462 

23.5794 

1750. 

76.482 

156.523 

100459. 

-99.118 

23.5794 

(2  sigma) 

— 

— 

— 

— 

— 

1800. 

76.984 

158.634 

104296. 

-100.742 

23.5794 

(2  sigma) 

— 

■ 

— 
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Taole  143.  Thermocheinical  properties  of  quartz,  SiCL,  at  1.01325  bars  (1 
atm).  Columns  2 through  4 give  the  thermochemical  values 
relative  to  the  elements;  columns  5 through  7 give  the  values 
relative  to  the  oxides. 


T 

K 

Formation  from  the 

H G 

J/mol  J/mol 

El ements 
log  K 

Formation  from  the  Oxides 

H G log  K 

J/mol  J/mol 

200. 

-909880. 

-874075. 

228.285 

0.0 

0.0 

0.0 

250. 

-910374. 

-865063. 

180.745 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

273.150 

-910536. 

-860859. 

164.623 

0.0 

0.0 

0.0 

298.150 

-910670. 

-856306. 

150.021 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— - 

— 

0.0 

0.0 

0.0 

300. 

-910678. 

-855969. 

149.037 

0.0 

0.0 

0.0 

350. 

-910831. 

-846837. 

126.383 

0.0 

0.0 

0.0 

400. 

-910855. 

-837692. 

109.391 

0.0 

0.0 

0.0 

450. 

-910768. 

-828551. 

96.176 

0.0 

0.0 

0.0 

5UU. 

-91U581. 

-819425. 

85.605 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

u.o 

5o0. 

-yio3oi. 

-810322. 

70.968 

0.0 

o.u 

0.0 

600. 

-9U9936. 

-801248. 

69.755 

0.0 

o.u 

o.u 

65U. 

-909490. 

-792209. 

63.663 

0.0 

0.0 

0.0 

7UU. 

-908988. 

-783206. 

58.444 

0.0 

0.0 

0.0 

750. 

-9083  71. 

-774243. 

53.923 

0.0 

0.0 

0.0 

(2  sigma) 

- — 

— 

— 

0.0 

0.0 

0.0 

800. 

-907704. 

-765323. 

49.970 

0.0 

0.0 

0.0 

844. 

-907059. 

-757509. 

46.882 

0.0 

0.0 

0.0 

844. 

-906301. 

-757509. 

46.882 

0.0 

0.0 

0.0 

850. 

-906255. 

-756452. 

46.486 

0.0 

0.0 

0.0 

900. 

-905874. 

-747651. 

43.392 

0.0 

0.0 

0.0 

950. 

-905493. 

-738871. 

40.626 

0.0 

0.0 

0.0 

1000. 

-905110. 

-730111. 

38.137 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1050. 

-904723. 

-721371. 

35.886 

0.0 

0.0 

0.0 

1100. 

-904332. 

-712649. 

33.841 

0.0 

0.0 

0.0 

1150. 

-903934. 

-703945. 

31.974 

0.0 

0.0 

0.0 

1200. 

-903529. 

-695258. 

30.264 

0.0 

0.0 

0.0 

1250. 

-903115. 

-686589. 

28.591 

0.0 

0.0 

0.0 

(2  sigma) 

— 

... 

— 

0.0 

0.0 

0.0 

1300. 

-902692. 

-677936. 

27.240 

0.0 

0.0 

0.0 

1350. 

-902258. 

-669300. 

25.897 

0.0 

0.0 

0.0 

1400. 

-901812. 

-660680. 

24.650 

0.0 

0.0 

0.0 

1450. 

-901354. 

-652076. 

23.490 

0.0 

0.0 

0.0 

1500. 

-900883. 

-843488. 

22.408 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

u.o 

1550. 

-900397. 

-034916. 

21.397 

0.0 

0.0 

o.u 

iouu. 

-89989b. 

-6263  oO. 

20.449 

o.u 

0.0 

0.0 

lodU. 

-899379. 

-817820. 

19.559 

0.0 

o.u 

0.0 

1700. 

-9493o5. 

-608846. 

18.708 

0.0 

0.0 

u.o 

1750. 

-948662. 

-598841. 

17.874 

0.0 

0.0 

0.0 

(2  sigma) 

— 

— 

— 

0.0 

0.0 

0.0 

1800. 

-947947. 

-588357. 

17.088 

0.0 

0.0 

0.0 

(2  sigma) 

— - 

— 

0.0 

0.0 

0.0 
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Taole  144.  Thermophysical  values  for  cristooal ite,  SiCL,  at  1.01325  bars 
(1  atm).  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermocnemical  data  given  in  Section  1.5.5. 


T 

Cp 

S 

H— H (298 ) 

[G-H(298)]/T 

V 

K 

J/(mol  K) 

J/(mol  K) 

J/mol 

J/(mol  K) 

cm3/mol 

al pha  cristobal ite 


200.000 

250.000 
(2  sigma) 

273.150 

298.150 
(2  sigma) 

300.000 

350.000 

400.000 

450.000 

500.000 
(2  sigma) 

523.000 

32.999 

39.806 

42.421 

44.961 

45.139 

49.484 

53.110 

56.174 

58.779 

59.844 

29.306 

37.435 

41.077 

44.903 

45.182 

52.477 

59.328 

65.766 

71.323 

74.490 

-3873. 

-2045. 

-1093. 

0. 

83. 

2452. 

5020. 

7754. 

10630. 

11994. 

-48.671 

-45.616 

-45.077 

-44.903 

-44.904 

-45.470 

-46.779 

-48.534 

-50.563 

-51.557 

25.5527 

25.6816 

0.0790 

25.7412 

25.8057 

0.0574 

25.3104 

25.9393 

25.0682 

26.1970 

26.3259 

0.0694 

26.3851 

beta  cristobal ite 

523.000 

58.312 

77.016 

13315. 

-51.557 

27.3414 

550.000 

59.797 

79.989 

14910. 

-52.880 

27.3471 

bUU.UUO 

62.U48 

85.292 

17958. 

-55.362 

27.3577 

650.000 

63.813 

90.331 

21106. 

-57.860 

27.3683 

700.000 

o5.228 

95.114 

24334. 

-60.352 

27.3789 

750.000 

66.381 

99.655 

27625. 

-62.822 

27.3895 

(2  sigma) 

— 

— 

— 

- — 

0.0573 

800. 000 

67.337 

103.970 

30968. 

-65.260 

27.4001 

850.000 

68.140 

108.078 

34356. 

-67.659 

27.4107 

900.000 

68.824 

111.992 

37781. 

-70.014 

27.4213 

950.000 

69.412 

115.729 

41237. 

-72.322 

27.4319 

1000.000 

69.924 

119.303 

44720. 

-74.583 

27.4425 

(2  sigma) 

— 

— 

— 

— 

0.0604 

1050.000 

70.373 

122.726 

48228. 

-76.794 

27.4531 

1100.000 

70.771 

126.009 

51757. 

-78.957 

27.4637 

1150.000 

71.126 

129.163 

55304. 

-81.072 

27.4743 

1200.000 

71.446 

132.197 

53869. 

-83.139 

27.4849 

1250.000 

71.736 

135.119 

62449. 

-85.160 

27.4955 

(2  sigma) 

— 

— 

— 

— 

0.0884 

1300.000 

72.000 

137.938 

66042. 

-87.136 

27.5061 

1350.000 

72.243 

140.660 

69648. 

-89.069 

27.5167 

1400.000 

72.466 

143.291 

73266. 

-90.959 

27.5273 

1450.000 

72.674 

145.833 

76895. 

-92.807 

27.53  78 

1500.000 

72.867 

148.305 

80533. 

-94.616 

27.5484 

(2  sigma) 

— - 

— 

— 

0.1255 

1550.000 

73.048 

150.697 

34181. 

-96.387 

27.5590 

1500.000 

73.219 

153.019 

37838. 

-98.121 

27.5696 

1650.000 

73.380 

155.275 

91503. 

-99.319 

27.5802 

1700. UOO 

73.532 

157.463 

95176. 

-101.482 

27.5908 

1750. QUO 

73.677 

159.601 

98856. 

-103.112 

27.6014 

(2  sigma) 

— 

— 

— 

— 

0.1658 

18O0.OO0 

73.816 

161.679 

102543. 

-104.710 

27.6120 

(2  sigma) 

— 

— • 

— 

0.174U 
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Table  145.  Thermochemical  properties  of  cristobal  ite,  SiCL,  at  1.01325 
bars  (1  atm).  Columns  2 through  4 give  the  thermochemical 


val ues 
val ues 

relative  to 
relative  to 

the  elements; 
the  oxides. 

col umns 

5 through  7 

give  the 

Formation  from  the 

i Elements 

Formation  from  the  Oxides 

T 

K 

G 

log  K 

H 

G 

1 og  K 

K 

J/mol 

J/mol 

J/mol 

J/mol 

al pha  cristobal ite 

200.000 

-907133. 

-871985. 

227.739 

0. 

0. 

0. 

250.000 

-907611. 

-363138. 

180.343 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

273.150 

-907767. 

-359013. 

164.269 

0. 

0. 

0. 

298. 150 

-907895. 

-854545. 

149.713 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

300. QUO 

-907903. 

-854213. 

148.732 

0. 

0. 

0. 

350.000 

-9U8U47. 

-345252. 

126.147 

0. 

0. 

0. 

400.000 

-9Q8U68. 

-836278. 

109.207  ' 

0. 

0. 

0. 

450. UUO 

-907988. 

-827309. 

96.031 

0. 

0. 

0. 

5UU.0UU 

-9U7824. 

-818352. 

85.493 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

523.000 

-907724. 

-814239. 

81.322 

0. 

0. 

0. 

beta  cristobal ite 

523.000 

-906403. 

-814239. 

81.322 

0. 

0. 

0. 

550.000 

-906305. 

-309483. 

76.878 

0. 

0. 

0. 

600.000 

-906063. 

-800691. 

69.706 

0. 

0. 

0. 

650.000 

-905762. 

-791922. 

63.640 

0. 

0. 

0. 

700.000 

-905418. 

-783178. 

58.441 

0. 

0. 

0. 

750.000 

-905044. 

-774459. 

53.938 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

300.000 

-904649. 

-765767. 

49.999 

0. 

0. 

0. 

850.000 

-904239. 

-757099. 

46.526 

0. 

0. 

0. 

900.000 

-903818. 

-748456. 

43.439 

0. 

0. 

0. 

950.000 

-903391. 

-739836. 

40.679 

0. 

0. 

0. 

1000.000 

-902959. 

-731239. 

38.196 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1050.000 

-902525. 

-722664. 

35.951 

0. 

0. 

0. 

1100.000 

-902090. 

-714109. 

33.910 

0. 

0. 

0. 

1150.000 

-901655. 

-705574. 

32.048 

0. 

0. 

0. 

1200.000 

-901221. 

-697058. 

30.342 

0. 

0. 

0. 

1250.000 

-900788. 

-688560. 

28.773 

0. 

0. 

0. 

(2  sigma) 

— 

— 

0. 

0. 

0. 

1300. OOu 

-90U357. 

-68U080. 

27.326 

0. 

0. 

0. 

1350.000 

-899928. 

-671616. 

25.986 

0. 

0. 

0. 

14UU.U0U 

-899500. 

-663167. 

24.743 

0. 

0. 

Q. 

1450. UOU 

-899075. 

-654735. 

23.586 

0. 

0. 

u. 

1500. UUO 

-898650. 

-046316. 

22.507 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1550. U00 

-898228. 

-637912. 

21.497 

0. 

0. 

0. 

1600.000 

-897806. 

-629522. 

20.552 

0. 

0. 

0. 

1650.000 

-897386. 

-621144. 

19.664 

0. 

0. 

0. 

1700.000 

-947475. 

-612330. 

18.815 

0. 

0. 

0. 

1750.000 

-946914. 

-602481. 

17.983 

0. 

0. 

0. 

(2  sigma) 

— 

— 

— 

0. 

0. 

0. 

1800.000 

-946348. 

-592648. 

17.198 

(2  sigma) 

— 

— 

— 
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3 

Table  146.  Molar  volume  in  cm  /g  of  boehmite,  A100H,  to  1000  K and  10,000 
bars.  The  tabulations  are  based  on  a fit  of  the  thermophysical 
and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

19.54 

19.84 

20.14 

20.44 

21.04 

21.65 

500. 

19.52 

19.33 

20.13 

20.43 

21.03 

21.63 

- -- 

— 

1000. 

19.51 

19.31 

20.11 

20.41 

21.01 

21.62 

— - 

— 

2000. 

19.48 

19.78 

20.08 

20.38 

20.98 

21.59 

— 

--- 

4000. 

19.42 

19.72 

20.02 

20.32 

20.92 

21.53 

— 

... 

60U0. 

19.36 

19.66 

19.96 

20.26 

20.36 

21.47 

- 

— 

8000. 

19.30 

19.00 

19.90 

20.20 

20.80 

21.41 

— 

— 

loGOo. 

19.24 

19.54 

19.84 

20.14 

2U.74 

21.35 

— 

— 

Table  147. 

3 

Molar  volume  in  cm  /g  of  diaspore,  A100H,  to  1800  K and 
10,000  bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section 

1.5.5. 

Pressure 

Temoerature 

(bars) 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

17 . 7b 

17.88 

18.00 

18.12 

13.36 

18.59 

19.07 

19.55 

5uo. 

17.74 

17.86 

17.98 

18.10 

18.34 

18.58 

19.05 

19.53 

luuo. 

. 17.72 

17.84 

17.96 

18.08 

18.32 

18.56 

19.03 

19.51 

2000 . 

17.o9 

17.81 

17.93 

18.0b 

18.23 

13.52 

19.00 

19.47 

4000. 

17. ol 

17.73 

17.85 

17.97 

13.21 

18.45 

13.92 

19.40 

buOG. 

17.34 

1 7.  bo 

17.78 

17.90 

13.14 

18.37 

13.35 

19.33 

6000. 

17.47 

17.59 

17.71 

17.83 

13.06 

18.30 

13.73 

19.25 

10000. 

17.39 

17.51 

17.63 

17.75 

17.99 

13.23 

13.70 

19.13 
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Table  148.  Molar  volume  in  cm  /g  of  gibbsite,  AlfOHU,  to  1000  K and 
10,000  bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

31.96 

32.01 

32.06 

32.12 

32.23 

32.33 

5uU. 

31.96 

32.01 

32.06 

32.12 

32.23 

32.33 

— 

... 

luoO. 

31.90 

32. Ul 

32.06 

32.12 

32.23 

32.33 

— 

... 

2UOU. 

31.9b 

32.01 

32.06 

32.12 

32.22 

32.33 

--- 

— 

40UU. 

31.95 

32.01 

32.06 

32.12 

32.22 

32.33 

— 

... 

6000. 

31.95 

32.01 

32.06 

32.11 

32.22 

32.33 

— 

— 

8UUU. 

31.95 

32.01 

32.06 

32.11 

32.22 

32.33 

... 

— - 

10000. 

31.95 

32.00 

32.06 

32.11 

32.22 

32.33 

— 

— 

Table  149. 

Molar  volume  in  cur/g  of  corundum,  AKO.,  to  1800  K and 
10,000  bars.  The  tabulations  are  base<ron  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section 

1.5.5. 

Pressure 

(bars) 

Temperature 

(*) 

298.15 

4UU. 

5UU. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

25.60 

25.67 

25.73 

25.80 

25.93 

26.06 

25.32 

26.53 

500. 

25.59 

25.66 

25.72 

25.79 

25.92 

26.05 

26.31 

26.53 

1000. 

'25.59 

25.65 

25.72 

25.78 

25.92 

26.05 

26.31 

26.57 

2QQ0. 

25.58 

25.64 

25.71 

25.77 

25.90 

26.04 

25.30 

26.56 

4000. 

2S.55 

25.62 

25.53 

25.75 

25.88 

26.01 

26.27 

26.54 

6000. 

25.53 

25.60 

25.66 

25.73 

25.36 

25.99 

26.25 

26.51 

8000. 

25.51 

25.58 

25.64 

25.71 

25.84 

25.97 

26.23 

25.49 

10000. 

25.49 

25.55 

25.62 

25.69 

25.82 

25.95 

25.21 

25.47 
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TdDle  15U.  Molar  volume  in  cm^/g  of  andalusite,  Al-SiOr,  to  1800  K and 
1U,0U0  bars.  The  tabulations  are  based^on  a fit  of  the 
thermophysical  and  thennochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

51.56 

51.68 

51.81 

51.96 

52.27 

52.60 

53.28 

53.97 

500. 

51.54 

51.66 

51.79 

51.94 

52.25 

52.58 

53.26 

53.95 

1000. 

51.52 

51.64 

51.77 

51.91 

52.23 

52.56 

53.24 

53.93 

2000. 

51.47 

51.59 

51.73 

51.87 

52.18 

52.51 

53.19 

53.39 

4000. 

51.39 

51.51 

51.64 

51.79 

52.10 

52.43 

53.11 

53.80 

6000. 

51.31 

51.43 

51.56 

51.71 

52.02 

52.35 

53.03 

53.72 

8000. 

51.23 

51.35 

51.48 

51.63 

51.94 

52.27 

52.95 

53.64 

10000. 

51.15 

51.27 

51.40 

51.55 

51.86 

52.19 

52.87 

53.56 

Table  151. 

3 

Molar  volume  in  cm  /g  of  kyanite,  AKSiOc,  to  1800  K and 
10,000  bars.  The  tabulations  are  based  3n  a fit  of  the 
thermophysical  and  thennochemical  data  given  in  Section  ! 

L. 5.5. 

Pressure 

(bars) 

Temperature 

CO 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

44.21 

44.31 

44.42 

44.53 

44.76 

45.01 

45.50 

46.00 

500. 

44.19 

44.29 

44.40 

44.51 

44.75 

44.99 

45.43 

45.98 

1000. 

44.17 

44.28 

44.39 

44.50 

44.73 

44.97 

45.47 

45.97 

2000. 

'44.14 

44.25 

44.35 

44.47 

44.70 

44.94 

45.44 

45.93 

4000. 

44,08 

44.19 

44.30 

44.41 

44.64 

44.88 

45.38 

45.33 

oUUU . 

44.03 

44.13 

44.24 

44.35 

44.59 

44.83 

45.32 

45.32 

8UUU. 

43.98 

44.08 

44.19 

44.30 

44.54 

44.78 

45.27 

45.77 

1U0UU. 

43.93 

44.03 

44.14 

44.25 

44.49 

44.73 

45.22 

45.72 
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Table  152.  Molar  volume  in  cm  /g  of  sillimanite,  Al^SiOr,  to  1800  K and 
10,000  bars.  The  tabulations  are  based  on  a3fit  of  the 


thermophysical 

and  thermochemical 

data 

given  in 

Section 

1.5.5. 

Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

50.02 

50.07 

50.13 

50.  aU 

50.36 

50.53 

50.90 

51.27 

5uU. 

50.00 

50.05 

50.11 

50.18 

50.34 

50.51 

50.88 

51.25 

10UU. 

49.98 

50.03 

50.09 

50.16 

50.32 

50.49 

50.86 

51.23 

2UU(J. 

49.94 

49.99 

50.05 

50.12 

50.28 

50.46 

50.82 

51.19 

4UUU. 

49.37 

49.92 

49.98 

50.05 

50.21 

50.38 

50.74 

51.11 

6000. 

49.79 

49.84 

49.90 

49.97 

50.13 

50.31 

50.67 

51.04 

8000. 

49.72 

49.77 

49.83 

49.90 

50.06 

50.23 

50.60 

50.97 

10000. 

49.65 

49.70 

49.76 

49.83 

49.99 

50.16 

50.52 

50.89 

Table  153. 

Mol  ar  vol  ume.  in 
and  10,000  bars 
thermophysical 

3 

cm  /g  of' kaol inite,  Al, 
. The  tabulations  are  i 
and  thermochemical  data 

,Si205(QH)4,  to  1000  K 
Jased^on  a4 fit  of  the 
given  in  Section  1.5.5. 

Pressure 

(bars) 

Temuerature 

W 

298.15 

400. 

500. 

600. 

300. 

1000.  1400.  1300. 

1. 

99.48 

99.85 

100.20 

100.56 

101.28 

101.99  — 

500. 

99.28 

99.65 

100.00 

100.36 

101.07 

101.79  

1000. 

99.08 

99.44 

99.30 

100.16 

100.37 

101.53  

2000. 

98.68 

99.04 

99.40 

99.75 

100.47 

101.13  — — 

4000. 

97.87 

98.23 

98.59 

98.94 

99.66 

100.37 

6000. 

97.06 

97.42 

97.78 

98.13 

98.85 

99.56  

3000. 

96.25 

96.61 

96.97 

97.33 

98.04 

98.75  

10000. 

95.44 

95.30 

96.16 

96.52 

97.23 

97.95  
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Taole  154. 


Molar  vo  1 Lane  in 
ana  10,000  oars, 
thermcphysical  ana 


c;n3/g 

The 


of  dickite,  Al^Si- 
tabul ations  are  v - 
tnermochemical  data  given 


o5(oh)4, 

bSsSd  on  a 


in 


to  1UG0  K 
fit  of  the 
Section  1.5.5, 


Pressure  Temperature 

(&ars)  (K) 


298.15 

400. 

500. 

500. 

800. 

1000. 

1400. 

1800. 

1. 

99.30 

99.63 

100.05 

100.42 

101.16 

101.90 

— 

500. 

99.10 

99.48 

99.35 

100.22 

ICO. 96 

101.70 

--- 

1CC0.  - 

98.90 

99.28 

99.55 

100.02 

100.76 

101.50 

—— 

2000. 

98.50 

98.38 

99.25 

99.52 

100.36 

101.10 

__ 

4000. 

97.70 

98.03 

98.45 

98.32 

99.56 

100.30 

_ _ 

6000. 

96.90 

97.28 

97. 55 

98.02 

98.75 

99.50 

— — 

— 

3000. 

96.10 

96.48 

96.35 

97.22 

97.96 

98.70 

10000. 

95.20 

95.68 

96.05 

96.42 

97.16 

97.90 

— — - 

— - 

2 

Taole  loo.  Molar  volume  in  cm  /g  of  halloysite,  Al^Si 70r (OH)^,  to  1000  K 
and  10,000  bars.  The  taDul ations  are  bcsed  Bn  a rit  of  the 
thermophysical  and  themcchem'lcal  data  given  in  Section  1.5.5. 


Pressure 

(bars) 


,emDerature 

' CO 


298.15 

400. 

SCO. 

500. 

300. 

1000. 

1400. 

1200. 

i 

4.  • 

99.40 

99.73 

100.15 

100.52 

101.25 

102.00 

500. 

-99.20 

99.53 

99.95 

ICO. 32 

101.06 

101.80 

— - 

— 

1000. 

' 99.00 

99.23 

99.75 

100.12 

100.36 

101.50 

— 

— 

2000. 

98.50 

33,98 

39.25 

39.72 

100.46 

101.20 

— 

— 

‘•OCQ  . 

97.80 

33.13 

38.  zz 

98.32 

99 . 56 

100.40 

— 

— - 

5000. 

37.  OU 

37.28 

97.75 

98.. 2 

S3. 86 

99.50 

— 

— 

8CuO. 

36 . 20 

96.  c8 

So . 35 

97.22 

vS . 06 

9a.  80 

— 

— 

ivAiOU. 

35.40 

So.  78 

So.  lo 

96.52 

97 . 25 

98.  UU 

— 

— 

Tab!  e 1 56 


. Molar  volume  in  cm3/g  of  pyrochyll  its,  Al^Si  ,0-r,(0H)7,  to 

1X0  < and  10, XC  bars.  The  tabulations  Srs^Oa^ec  on  a fit  of 
the  thermophysical  ana  themochenical  data  given  in  Sect"  on 

1 • o « o • 


Pressure 

(bars) 

”emcera 

CO 

iture 

298.15 

400. 

sou . 

suU. 

300. 

1000. 

1400. 

1300. 

l. 

127.64 

127.73 

127.34 

127.97 

128.25 

123.50 

, „ „ 

5uu. 

127.63 

127.72 

127.63 

127.96 

125.26 

12S.53 

— 

— 

1UUU. 

127.63 

127.72 

127.33 

127.96 

128.25 

123.57 

— 

— 

2U0U. 

127.62 

127.71 

127.32 

127.95 

123.25 

123. 56 

— - 

— 

4C00. 

127.61 

127.70 

127.31 

127.94 

123.23 

123.55 

5CGQ. 

127.59 

127.68 

127.30 

127.92 

128.22 

123.54 

— 

3000. 

127. S3 

127.67 

127.78 

127.91 

123.20 

123.52 

— 

— 

1X00. 

127.56 

127.65 

127.77 

127.X 

123.19 

123.51 

— 

— 

Taola  157. 

Molar  volume  in  cnJ/g  o 
13CU  .<  ana  10, XO  oars, 
tne  tneracpnysical  ana 

1 • C • 0 • 

f Ce-Ai  cl inooyroxene , CaAl9SiCc, 
Tne  tabulations  ars  basec“on  1 
themcchemical  cat  a given  in  Sect 

to 

fit  of 
ion 

Pressure 

Temper at 

ure 

(bars) 

(K) 

298.15 

400. 

500. 

SCO. 

SCO.  1X0. 

1400. 

1X0. 

U 

53.53 

53.72 

53.38 

54.04 

54.39  54.75 

os.  sC 

56. 05 

XO. 

53.55 

53. 70 

63.35 

54.02 

54.37  s4. 73 

65.48 

— — 

00.  iS 

1X0. 

53.53 

53.57 

53.83 

S3  oq 

54.34  54.  1 

55 . 45 

55. 21 

2000. 

00.48 

53.52 

53.78 

53.94 

54.29  64  . 66 

55.40 

56. 15 

4C00. 

53.28 

53.53 

53.58 

53.35 

54.20  54.56 

55.31 

6c . 06 

5000. 

53.23 

53.43 

53 . 58 

53.75 

54.10  54.46 

5 5.21 

55 . 96 

3000. 

53.19 

53.33 

53.i9 

63.65 

54.X  54.26 

55.11 

55.37 

1X00. 

53.09 

63.23 

53.39 

53.55 

53.X  54.27 

55. 01 

w J • # l 

7 


257 


3 

Table  158.  rtolar  volume  in  cm  /g  of  anorthite,  CaAl  Si-On,  to  1800  K and 
10,000  Dars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

100.73 

100.36 

100.99 

101.11 

101.37 

101.63 

102.14 

102.65 

500. 

100.66 

100.79 

100.92 

101.05 

101.30 

101.56 

102.07 

102.59 

1000. 

100.60 

100.73 

100.35 

100.98 

101.24 

. 101.50 

102.01 

102.52 

2000. 

100.46 

100.59 

100.72 

100.85 

101.11 

101.36 

101.88 

102.39 

4000. 

100.20 

100.33 

100.46 

100.59 

100.85 

101.10 

101.62 

102.13 

6000. 

99.95 

100.08 

100.20 

100.33 

100.59 

100.34 

101.36 

101.87 

8000. 

99.69 

99.82 

99.95 

100.08 

100.33 

100.59 

101.10 

101.61 

10000. 

99.43 

99.57 

99.69 

99.82 

100.08 

100.33 

100.85 

101.36 

Table  159. 

3 

Molar  volume  in  cm  / g of  margarite,  CaAl  ,Si ^^(OH)^,  to  1000 
K and  10,000  bars.  The  tabulations  are  BasSd^n  a .it  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 

Pressure 

Temperature 

(bars) 

(K) 

298.15 

400. 

500. 

600.  800. 

1000.  1400.  1800. 

1. 

133.77 

134.08 

134.39 

134.59  135.30 

135.91  

500. 

133.59 

133.90 

134.20 

134.51  135.12 

135.73  — 

1000. 

133.40 

133.71 

134.02 

134.32  134.93 

135.54  

20U0. 

133.04 

133.35 

133.55 

133.96  134.57 

135.17  — — 

4OU0. 

132.30 

132.51 

132.92 

133.22  133.33 

124.44  — 

5GUU. 

131.57 

131.88 

132.18 

132.49  133.10 

133.  70  — 

3Uuo. 

130.63 

131.14 

131.45 

131.75  132.36 

132.  97  — 

1UOUU. 

130.10 

130.41 

130.71 

131.02  131.52 

132.23  

/ 
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Table  160. 

Molar  volume  in  cnr/g  of  cal  cite, 
bars.  The  tabulations  are  based 
thermophysical  and  thermochemical 

, CaCO- 
on  a 1 
data 

>,  to  1800 
lit  of  the 
given  in 

K and 
Section 

10,000 

1.5.5. 

Pressure 

(bars) 

Temperature 

(X) 

298.15 

400. 

5uu. 

600. 

800. 

1000. 

1400. 

1300. 

1. 

3b.  78 

36.79 

36.81 

36.83 

36.88 

36.93 

37.02 

37.12 

bUU. 

3o.  7b 

3b.  77 

36.79 

36.81 

36.85 

36.90 

37. 00 

37.10 

luou. 

3b.  72 

36.74 

36.76 

36.78 

36.82 

36.87 

36.97 

37.07 

2U0Q. 

3b.  67 

36.69 

36.70 

36.72 

36.77 

36.82 

36.92 

37.02 

4000. 

36.56 

36.58 

36.60 

36.62 

36. 66 

36.71 

36.81 

36.91 

6000. 

36.46 

36.47 

36.49 

36.51 

36.56 

36.61 

36.70 

36.30 

8000. 

36.35 

36.37 

36.39 

36.41 

36.45 

36.50 

36.60 

36.70 

10000. 

36.25 

36.27 

36.29 

36.31 

36.35 

36.40 

36.50 

36.50 

Taole  151. 

3 

Molar  volume  in  cm  /g  of  aragonite,  CaC03,  to  1800  K and 
10,000  bars.  The  tabulations  are  based  on  a fit  of  the 
thermopnysical  and  thermochemical  data  given  in  Section 

1 • 0 • 3 • 

Pressure 

(bars) 

Temperature 

(X) 

298.15 

400. 

500. 

600. 

300. 

1000. 

1400. 

1800. 

1. 

34.14 

34.14 

34.15 

34.15 

34.16 

34.16 

34.18 

34.19 

500. 

'34.14 

34.14 

34.15 

34.15 

34.16 

34.16 

34.18 

34.19 

1000. 

‘34.14 

34.14 

34.14 

34.15 

34.15 

34.15 

34.17 

34.19 

2000. 

34.13 

34.13 

34.14 

34.14 

34.14 

34.15 

34. 15 

34.18 

4000. 

34.09 

34.10 

34.10 

34.10 

34.11 

34.11 

34.13 

34. 14 

5000. 

34.03 

34.03 

34.03 

34.04 

34.04 

34.05 

3^.06 

34.08 

8000. 

33.94 

33.94 

33.95 

33.95 

33.96 

33.96 

33.98 

33.99 

10C00. 

33.33 

33.33 

33.34 

33.34 

33.84 

33.35 

33.37 

33.88 

i 


f 
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Table  161d.  Molar  volume  in  cm  /g  of  lime,  CaO,  to  1300  '<  and  10,000 
bars.  The  taoulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

«) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

16.76 

16.81 

16.87 

16.94 

17.08 

17.23 

17.53 

17.84 

500* 

15.75 

16.31 

15.36 

16.93 

17.07 

17.22 

17.52 

17.83 

1000. 

16.74 

15.30 

15.36 

16.92 

17.06 

17.21 

17.51 

17.32 

2000. 

16.73 

16.78 

15.34 

16.90 

17.04 

17.19 

17.49 

17.31 

4000. 

16.59 

15.74 

16.80 

16.87 

17.01 

17.16 

17.46 

17.77 

6000. 

16.66 

16.71 

15.77 

16.84 

16.98 

17.12 

17.43 

17.74 

3000. 

16.63 

16.68 

16.74 

16.81 

16.95 

17.09 

17.40 

17.71 

10000. 

16.60 

16.55 

16.71 

16.78 

16.92 

17.06 

17.37 

17.68 

Table  163. 

Molar  volume  in  cmw/9  of  wol  1 astonite, 
10,000  bars.  The  tabulations  are  based 
thermophysical  and  thermochemical  data 

CaSiO,,  t 
; on  a^fit 
given  in 

o 1800  K and 
of  the 

Section  1.5.5. 

Pressure 

(bars) 

Temperature 

(K) 

298.15 

^00. 

500. 

600. 

300. 

1C00. 

1400. 

130G. 

1* 

39.79 

39.98 

40.12 

40.24 

40.42 

40.56 

40.77 

40.97 

500. 

/ 39.77 

39.95 

40.10 

40.21 

40.39 

40.53 

40.75 

40.94 

10GU. 

39.74 

39.93 

40.07 

40.19 

40.36 

40.50 

40.72 

40.91 

3000. 

3y.59 

39.37 

40.02 

40.13 

40.31 

40.45 

40.67 

40.36 

4uUU. 

39.53 

39.77 

39.91 

40.03 

40.21 

40.34 

40.56 

40.76 

oOUU. 

39.4b 

39.67 

39.31 

29.93 

40.11 

40.24 

40.46 

40.56 

bouo. 

39.38 

39.57 

39.71 

39.83 

40.01 

40.15 

40.37 

40. 56 

ioouu. 

39.29 

39.48 

39.62 

39.74 

39.92 

40.05 

40.27 

40.47 

I 


I 
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Table  164. 


3 

Molar  volume  in  cm  /g  of  cycl owollastonite,  CaSiO, , to  1300  K 
and  10,000  bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

«) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

40.16 

40.20 

40.25 

40.31 

40.45 

40.60 

40.92 

41.24 

5uO. 

40.1* 

40.16 

40.21 

40.27 

40.40 

40.56 

40.88 

41.20 

1000. 

40.08 

40.12 

40.17 

40.23 

40.36 

40.52 

40.34 

41.16 

2000. 

40.00 

40.04 

40.09 

40.15 

40.29 

40.44 

40.76 

41. G9 

4000. 

39.85 

39.89 

39.94 

40.00 

40.14 

40.29 

40.61 

40.94 

6000. 

39.71 

39.75 

39.80 

39.86 

40.00 

40.15 

40.47 

40.30 

8000. 

39.58 

39.62 

39.67 

39.73 

39.87 

40.02 

40.34 

40.67 

10000. 

39.46 

39.50 

39.55 

39.61 

39.75 

39.90 

40.22 

40. 55 

Table  165. 

3 

Molar  volume  in  cm  /y  of  bicchulite,  Ca 
K.  and  IOjUOU  Dars.  The  taoulations  are 
thermophysical  ana  thermocnemical  data 

zAl.,Si0.(0H)2,  to  1000 
iSased  Bn  a rit  of  the 
given  in  Section  1.5.5. 

Pressure 

Temper 

ature 

(bars) 

(K 

) 

298.15 

400. 

500. 

500. 

300  • 

1000. 

1400.  1300. 

1. 

103.55 

103.93 

104.31 

104.53 

105.43 

106.19 

...  ... 

500. 

103.48 

103.36 

104.24 

104.52 

105.37 

106.12 

— — 

1000. 

103.41 

103.80 

104.17 

104.55 

105.30 

106.05 

— — 

2000. 

103.28 

103.56 

104.04 

104.42 

105.17 

105.92 

— — 

4000. 

103.02 

103.40 

103.77 

104.15 

104.90 

105.55 

— — 

5000. 

102.75 

103.13 

103.51 

103.38 

104.  54. 

105.39 

— — 

3000. 

102.48 

102.37 

103.24 

103.52 

104.37 

105.12 

— 

10000. 

102.22 

102.50 

102.98 

103.35 

104.10 

104.36 

- — 

3 

TaDle  loo.  Molar  volume  in  cm  / g of  gehlenite,  Ca-Al-SiO-.,  to  1800  K and 
10,000  bars.  The  taDulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Tempera 

(K) 

ture 

• 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

90.25 

90.50 

90.75 

91.00 

91.50 

91.99 

92.99 

93.98 

500. 

90.23 

90.48 

90.73 

90.98 

91.48 

91.97 

92.97 

93.96 

1000. 

90.21 

90.46 

90.71 

90.96 

91.46 

91.95 

92.95 

93.94 

2000. 

90.17 

90.42 

90.57 

90.92 

91.41 

91.91 

92.91 

93.90 

4000. 

90.08 

90.34 

90.59 

90.84 

91.33 

91.83 

92.82 

93.32 

5000. 

90.00 

90.26 

90.50 

90.75 

91.25 

91.75 

92.74 

93.74 

800Q. 

89.92 

90.17 

90.42 

90.67 

91.17 

91.67 

92. 66 

93.66 

10000. 

89.34 

90.09 

90.34 

90.59 

91.09 

91.58 

92.58 

93.57 

Table  167. 

Molar  volume  in  CTr/g  of  prehnite,  Ca^7 
< and  10,000  bars.  The  tabulations  af*« 
thermophysical  and  thermochemical  data 

i 3asid*o 
given  in 

(oh)2,  t 

n a tit 
Section 

o 1000 
of  the 

1.0.  0. 

Pressure 

Temperature 

(bars) 

«) 

298.15 

400. 

500. 

500  . 800. 

1CC0. 

1400. 

1800. 

1. 

140.43 

140.96 

141.47 

141.98  143.00 

144.03 

_ — 

— 

500. 

140.32 

140.84 

141.36 

141.37  142.39 

143.92 

— 

— 

1000. 

140.21 

140.73 

141.24 

141.76  142.73 

143.31 

— 

— 

2000 . 

139.99  . 

140.51 

141.02 

141.53  1 42.5c 

143.53 

— 

— 

4*jCO. 

139.54 

140.  Uo 

140.57 

141.08  142.11 

143.13 

— 

— 

OUUU. 

139. U9 

139.61 

140.12 

140  . 54  1 41.5b 

142.09 

— 

— 

3000. 

133.64 

139.1o 

139.56 

140.19  141.21 

142.24 

— 

— 

iocoo • 

138.19 

138.72 

139.22 

139.74  140.77 

141.79 

/ 
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Table  168.  Molar  volume  in  cm  /g  of  zoisite,  Ca^Al 3Si (OH) , to  1000  < 
and  10,000  bars.  The  tabulations  are  based  cn  a fit  of  the 
thermopnysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

• lie) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

136.72 

137.23 

137.73 

138.22 

139.22 

140.21 

500. 

136.64 

137.14 

137.64 

138.14 

139.14 

140.13 

— » 

— 

1000. 

136.55 

137.06 

137.56 

138.06 

139.05 

140.05 

— - 

— - 

2000. 

136.39 

136.90 

137.39 

137.89 

138.89 

139.88 

— - 

— 

4000. 

136.06 

136.57 

137.06 

137.56 

138.56 

139.55 

— 

6000. 

135.73 

136.23 

136.73 

137.23 

138.23 

139.22 

--- 

— 

8000. 

135.40 

135.90 

136.40 

136.90 

137.89 

138.89 

— 

— 

10000. 

135.06 

135.57 

136.07 

136.57 

137.56 

138.56 

— 

— 

Taole  169. 

Molar  volume  in 

cm  /g  of 

al pha-Cav8iO. 

to  1800  ;< 

ana  10, 

COO 

bars. 

The  tabulations  are  based  bn  a fit  or  the 

thermopnysical 

and  thermocnemical  data 

given  in 

Section 

X • o • S • 

Pressure 

Temperature 

(bars) 

298.15 

400. 

500. 

500.  300. 

1CC0. 

1400. 

1800. 

1. 

52.30 

52.49 

52.58 

52.37  53.25 

53. 53 

54.39 

55.15 

500. 

‘52.28 

52.48 

52.67 

52.36  53.24 

53. 52 

54.28 

55. 14 

1000. 

52.27 

52.46 

52.55 

52.84  53.22 

53.50 

54.36 

55.12 

2000. 

52.23 

52.43 

52.52 

52.31  53.19 

53.57 

54.23 

55.09 

4000. 

52.17 

52.36 

52 . 55 

52.74  53.12 

53 . 50 

54.25 

3 3.02 

6000. 

52.10 

52.29 

52.48 

52.57  53.05 

53.43 

54.19 

54.  95 

800  0. 

52.04 

52.23 

52.42 

52.61  52.99 

53.37 

54 . 39 

10000. 

51. 97 

52.16 

52.35 

52.54  52.92 

53.20 

54.06 

54.32 
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Table  170.  Molar  volume  in  cm  /g  of  bredigite,  Ca-SiQ,,  to  1800  K and 
10,000  bars.  The  tabulations  are  based  on  a fit  of  the 
themophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

• 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

52.00 

52.19 

52.38 

52.57 

52.95 

53.33 

54.09 

54.85 

500. 

51.98 

52.18 

52.37 

52.56 

52.94 

53.32 

54.08 

54.84 

1000. 

51.97 

52.16 

52.35 

52.54 

52.92 

53.30 

54.06 

54.82 

2000. 

51.93 

52.13 

52.32 

52.51 

52.89 

53.27 

54.03 

54.79 

4000. 

51.87 

52.06 

52.25 

52.44 

52.82 

53.20 

53.96 

54.72 

5000. 

51.80 

52.00 

52.19 

52.38 

52.76 

53.14 

53.90 

54.66 

8000. 

51.74 

51.93 

52.12 

52.31 

52.69 

53.07 

53.83 

54.59 

-1QGU0. 

51.67 

51.86 

52.05 

52.24 

52.62 

53. 00 

53.76 

54.52 

Table  171. 

Molar  volume  in  cm/ g of  Ca-olivine,  Ca^SiO^,  to 
10,000  bars.  The  tabulations  are  based^on  a fit 
thermophysical  and  thermcchemical  data  given  in 

1800  K 
of  the 
Section 

and 

1.5.5. 

Pressure 

(bars) 

Temperature 

oo 

298.15 

400. 

500. 

600. 

800. 

1C00. 

1400. 

1800. 

1. 

59.11 

59.31 

59.51 

59.71 

60.11 

60.51 

61.31 

52.11 

500. 

"59.09 

59.30 

59.50 

59.70 

60.10 

60.50 

61.30 

62. 1U 

10UO. 

59.07 

59.28 

59.48 

59. 63 

60.08 

60. 48 

ol.28 

62.08 

2UUU. 

59.04 

59.24 

59.44 

59.64 

50.04 

60.44 

61.24 

62.04 

40UU . 

58.97 

59.17 

59.37 

59.57 

59.97 

5u.37 

61.17 

51.97 

60U0. 

58.90 

59.10 

59.30 

59.  50 

59.90 

60.30 

61. 1U 

51. 90 

3UUU. 

38.83 

59.03 

59.23 

59.43 

59.33 

60.23 

51.03 

51.83 

10000. 

58.76 

58.9b 

59.16 

59. 36 

59.76 

60. 15 

60. 96 

51. 76 

274 


3 

Table  172.  Molar  volume  In  cm  /g  of  larnite,  Ca^SiO^,  to  1800  K and 
10,000  bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1300. 

1. 

51.  ou 

51.66 

51.73 

51.80 

51.95 

52.11 

52.43 

52.76 

5QU. 

51.  os 

51.64 

51.71 

51.78 

51.93 

52.09 

52.41 

52.74 

1UUU. 

51.57 

51.63 

51.69' 

51.77 

51.92 

52. U7 

52.40 

52.72 

20  UO. 

51.54 

51.60 

51 . 66 

51.73 

51.38 

52.04 

52.36 

52.69 

400U. 

51.47 

51.53 

51.60 

51.67 

51.82 

51.98 

52.30 

52.63 

6000. 

51.41 

51.47 

51.53 

51.60 

51.75 

51.91 

52.23 

52.56 

8000. 

51.34 

51.40 

51.47 

51.54 

51.69 

51.35 

52.17 

52.50 

10000. 

51.28 

51.34 

51.40 

51.47 

51.62 

51.78 

52.10 

52.43 

Table  173. 

Mol ar  vol ume  in 
and  10,000  oars 
thermophysical 

3 

cm  /g  of  yrossular,  Ca^ 
. The  tabulations  are  t? 
and  thermochemical  data 

Al?Si\Or 
as5d  on  < 
given  in 

,,  to  1800  K 
i fit  of  the 
Section  1.5.5. 

Pressure 

Temperature 

(bars) 

(K) 

298.15 

400. 

500. 

600.  800. 

1000. 

1400. 

1800. 

1. 

125.19 

125.47 

125.77 

125.07  126.71 

127.36 

128.69 

130.03 

500. 

125.15 

125.43 

125.72 

125.03  126.56 

127.32 

128.64 

129.98 

1000. 

125.11 

125.39 

125.58 

125.99  126.62 

127.27 

123.50 

129.94 

2000. 

125.02 

125.30 

125.59 

125.90  126.53 

127.19 

123.51 

129.35 

4000. 

124.85 

125.13 

125.42 

125.73  126.36 

127.01 

123.34 

129.58 

6000. 

124.53 

124.96 

125.25 

125.56  125.19 

126.84 

128.17 

129.51 

8000. 

124.51 

124.79 

125.08 

125.39  125.02 

126.53 

123.00 

129.34 

10000. 

124.34 

124.52 

124.92 

125.22  125.36 

126.51 

127.84 

129.18 

275 


Table  174.  Molar  volume  in  cnT/g  of  hatrurite,  Ca.SiO,,  to  1800  K and 
1Q,0UU  bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

72.74 

72.80 

72.87 

72.95 

73.13 

73.32 

73.73 

74.14 

500. 

72.72 

72.78 

72.85 

72.93 

73.11 

73.30 

73.71 

74.12 

1000. 

72.70 

72.76 

72.83 

72.91 

73.09 

73.28 

73.69 

74.10 

2000. 

72.66 

72.72 

72.79 

72.87 

73.05 

73.24 

73.65 

74.06 

4000. 

72.58 

72.64 

72.71 

72.79 

72.97 

73.16 

73.57 

73.98 

6000. 

72.50 

72.56 

72.63 

72.71 

72.89 

73.08 

73.49 

73.90 

8000. 

72.42 

72.48 

72.55 

72.63 

72.81 

73.00 

73.41 

73.32 

10000. 

72.34 

72.40 

72.47 

72.55 

72.73 

72.92 

73.33 

73.74 

Table  175. 

Molar  volume  in  cnr/g  of  rankinite,  Ca-. 
10,000  bars.  The  tabulations  are  based 
thermophysical  and  thermochemical  data 

Si^Oy,  to 
on  a fit 
given  in 

1800  K 
of  the 
Section 

and 

1.5.5. 

Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1300. 

1. 

96.50 

96.62 

96.73 

96.86 

97.11 

97.37 

97.91 

98.45 

500. 

96.46 

96.53 

96.69 

96.82 

97.07 

97.33 

97.87 

98.41 

1000. 

96.42 

96.54 

96.55 

96.78 

97.03 

97.29 

97.33 

98.37 

2000. 

96.34 

95.46 

96.57 

96.70 

96.95 

97.21 

97.75 

98.29 

4UUU. 

96.13 

96.30 

96.41 

96.54 

96.79 

97.05 

97.59 

98.13 

ouuu. 

90.02 

90.14 

90.25 

96.33 

96. 63 

96.89 

97.43 

97.97 

30UU. 

95.oo 

90.98 

96.09 

96.22 

90.47 

96.73 

97.27 

97.31 

1UUUU . 

95. 7U 

90.32 

95.93 

96.06 

96.31 

96.57 

97.11 

97.55 
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Table  176.  Molar  volume  in  cm3/g  of  meionite,  Ca.AUSi fi09d(C0^) , to  1800 
K and  10,000  bars.  The  tabulations  are  oased^on  aJfit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

«) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

33  7 . 60 

338.17 

338. 73 

339.30 

340.42 

341.55 

343.80 

346.05 

5uu. 

337.38 

337.95 

338.51 

339.08 

340.20 

341.33 

343.58 

345.84 

1UUU. 

337.16 

337.  73 

338.30 

338.86 

339.99 

341.11 

343.36 

345.62 

20UU. 

336.72 

337.30 

337.86 

338.42 

339.55 

340.68 

342.93 

345.18 

4U00. 

335.35 

336.42 

336.99 

337.55 

338.68 

339.80 

342.05 

344.31 

6000. 

334.98 

335.55 

336.11 

336.68 

337.80 

338.93 

341.13 

343.43 

8000. 

334.10 

334.68 

335.24 

335.80 

336.93 

338.06 

340.31 

342.56 

10000. 

333.23 

333.80 

334.37 

334.93 

336.06 

337.18 

339.44 

341.69 

Table  177. 

Molar  volume  in  cnr/g  of  wustite, 
10,000  bars.  The  tabulations  are 
thermophysical  and  thermochemical 

Fe  Q47O,  to  1800  K and 
s baSeaon  a fit  of  the 
data  given  in  Section  ! 

L.5.5. 

Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

12.04 

12.04 

12.04 

12.04 

12.04 

12.04 

12.04 

12.04 

500. 

12.04 

12.04 

12.04 

12.04 

12.04 

12.04 

12.04 

12.04 

1000. 

12.03 

12.03 

12.03 

12.03 

12.03 

12.03 

12.03 

12.03 

2000. 

12.02 

12.02 

12.02 

12.02 

12.02 

12.02 

12.02 

12.02 

4000. 

12.01 

12.01 

12.01 

12.01 

12.01 

12.01 

12.01 

12.01 

60  UO. 

11.99 

11.99 

11.99 

11.99 

11.99 

11.99 

11.99 

11.99 

8U0U. 

11.97 

11.97 

11.97 

11.97 

11.97 

11.97 

11.97 

11.97 

luUOO. 

11.96 

11.96 

11.96 

11.96 

11.96 

11.96 

11.9b 

11.36 
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Table  178.  Molar  volume  in  cm  / g of  ferrosi 1 ite , FeSiO-,  to  1800  K and 
10,000  bars.  The  tabulations  are  based  on  a fit  of  the 


thermophysical 

and  thermochemica' 

1 data 

given  in 

Section 

1.5.5. 

Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

32.  yy 

33.11 

33.23 

33.35 

33.60 

33.84 

34.32 

34.81 

5uu. 

32.95 

33.08 

33.20 

33.32 

33.56 

33.80 

34.29 

34.77 

IOuU. 

32.92 

33.04 

33.16 

33.28 

33.53 

33.77 

34.25 

34.74 

2llUU. 

32.85 

32.97 

33.09 

33.21 

33.45 

33.70 

34.18 

34.57 

4uUU. 

32.70 

32.83 

32.95 

33.07 

33.31 

33.55 

34.04 

34.52 

60  UO. 

32.56 

32.68 

32.81 

32.93 

33.17 

33.41 

33.90 

34.38 

8000. 

32.42 

32.54 

32.66 

32.78 

33.03 

33.27 

33.75 

34.24 

10000. 

32.28 

32.40 

32.52 

32.64 

32.88 

33.13 

33.61 

34.10 

Table  179. 

3 

Molar  voliane  in  cm  /g  of  hematite 
10,000  bars.  The  taDulations  are 
thermophysical  and  thermochemical 

i,  Fe20 
* based 
data 

o,  to  1800  K and 
Jon  a fit  of  the 
given  in  Section 

1.5.5. 

Pressure 

(bars) 

Temperature 

(M 

298.15 

400. 

500. 

600. 

800. 

1U00. 

1400. 

1800. 

1. 

’ 30.23 

30.39 

30.51 

30.63 

30.86 

31.10 

31.57 

32.03 

500. 

30.27 

30.39 

30.50 

30.62 

30.35 

31.09 

31 . 56 

32.03 

1000. 

30.26 

30.38 

30.49 

30.61 

30.35 

31.08 

31 . 55 

32.02 

2000. 

30.24 

30.36 

30.48 

30.59 

30.83 

31.06 

31.53 

32.00 

4000. 

30.21 

30.33 

30.44 

30.56 

30.79 

31.03 

31.50 

31.97 

50  00. 

30.17 

30.29 

30.41 

30.53 

30.76 

31.00 

31.46 

31.93 

3000. 

30.14 

30.26 

30.38 

30.49 

30.73 

30.96 

31.43 

31.90 

10000. 

30.11 

30.23 

30.35 

30.46 

30.70 

30.93 

31.40 

31.37 

Table  180.  Molar  volume  in  cm^/y  of  fayalite,  Fe-SiO.,  to  1800  K and 
1U,UUU  bars.  The  tabulations  are  based  on  a fit  of  the 


thermophysical 

and  thermochemical  data 

given  in 

Section 

1.5.5. 

Pressure 

(bars) 

Temperature 

«) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

46.15 

46.30 

46.45 

46.60 

46.89 

47.19 

47.79 

48.38 

500. 

46.13 

46.28 

46.43 

46.53 

46.38 

47.17 

47.77 

43.36 

1000. 

46.11 

46.26 

46.41 

46.56 

46.86 

47.16 

47.75 

48.35 

2000. 

46.08 

46.23 

46.38 

46.53 

46.82 

47.12 

47.72 

43.31 

400  0. 

46.01 

46.16 

46.31 

46.46 

46.75 

47.05 

47.65 

48.24 

6000. 

45.94 

46.09 

46.24 

46.39 

46.68 

46.98 

47.58 

43.17 

3000. 

45.87 

46.02 

46.17 

46.32 

46.61 

46.91 

47.51 

43.10 

10000. 

45.80 

45.95 

46.10 

46.25 

46.54 

46.84 

47.44 

43.03 

Table  131. 

3 

Molar  volume  in  cm  /g  of  magnetite,  Fe. 
10,000  bars.  The  tabulations  are  basec 
thermophysical  and  thermochemical  data 

,0^,  to  1800  K and 
I on  a fit  of  the 
given  in  Section 

X • 3 • 5 • 

Pressure 

Temperature 

(bars) 

(K) 

298.15 

400. 

500. 

600. 

800. 

1G00. 

1400. 

1300. 

1. 

44.52 

44.57 

44.51 

44.66 

44.74 

44.54 

44.54 

44.54 

500. 

44.51 

44. 56 

44.50 

44.54 

44.73 

44.54 

44.54 

44.54 

1000. 

■ 44.50 

44. 54 

44.59 

44.63 

44.72 

44.54 

44.54 

44.54 

2000. 

44.47 

44.52 

44.56 

44.60 

44.69 

44.54 

44.54 

44.5d 

40  UU. 

44.42 

44.46 

44.51 

44. 5b 

44.64 

44.54 

44.54 

44.54 

6000 . 

44.37 

44.41 

44.46 

44.50 

44.59 

44.54 

44.  54 

44.54 

aouo. 

44.32 

44.36 

44.41 

44.45 

44.54 

44.54 

44.54 

44.54 

10000. 

44.27 

44.31 

44.3b 

44.40 

44.49 

44. 54 

44.54 

44.  54 
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Table  182.  Molar  volume  in  cm  /g  of  water  and  H~0  (real  gas)  to  1400  K 
and  10,000  bars.  The  tabulation  is  based  on  data  cited  in 
Section  1.5.5. 


Pressure 

(bars) 

Temperature 

«) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1200. 

1400. 

1. 

18.068 

32460. 

40854. 

49132. 

65601. 

82035. 

98458. 

114876. 

5U0. 

17.69U 

18.744 

20.732 

24.520 

82.569 

145.900 

191.664 

231.375 

1UUU. 

17.358 

13.380 

20.U34 

22.762 

37.363 

67.766 

94.032 

116.557 

2UUU . 

lo.3U9 

17.714 

19.044 

20.904 

27.152 

37.597 

49.725 

61.299 

40UU. 

— 

16.786 

17.767 

18.970 

22.194 

26.499 

31.477 

36.668 

6U0U. 

— 

16.114 

16.906 

17.813 

20.035 

22.782 

25.363 

29.086 

8000. 

— 

15.592 

16.255 

16.986 

18.681 

20.690 

22.913 

25.235 

lUOQO. 

— 

15.170 

15.732 

16.342 

17.704 

19.274 

20.997 

22.802 

Table  183. 

Molar  volume  in  cm  /g  of  magnesite,  MgCO^,  to  1800  '<  and 
10 , OQU  bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermocnemical  data  given  in  Section 

1.5.5. 

Pressure 

Temperature 

(oars) 

(•<) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

28.02 

23.08 

28.13 

23.19 

28.30 

28.42 

23.64 

28.87 

500. 

28.00 

23.06 

23.11 

23.17 

28.23 

28.40 

23.62 

23.85 

1000. 

27.98 

28.04 

28.10 

28.15 

23.27 

28.38 

23.61 

28.33 

2000. 

27.95 

23.00 

28.06 

28.12 

28.23 

28.34 

23.57 

23.80 

4000. 

27.37 

27.93 

27.99 

28.04 

23.16 

28.27 

28.50 

23.72 

60  00. 

27.30 

27.86 

27.92 

27.97 

28.09 

28.20 

23.43 

28. 65 

8000. 

27.73 

27.79 

27.34 

27.90 

23.01 

23.13 

28.35 

23.58 

10000. 

27.65 

27.72 

27.77 

27.33 

27.94 

23.06 

23.23 

28.51 
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Table  184.  Molar  volume  in  cm^/g  of  periclase,  MgO,  to  1800  K and  10,000 
bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

«) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

11.24 

11.29 

11.33 

11.37 

11.45 

11.54 

11.70 

11.87 

500. 

11.24 

11.28 

11.33 

11.37 

11.45 

11.53 

11.70 

11.87 

1000. 

11.24 

11.28 

11.32 

11.36 

11.45 

11.53 

11.70 

11.37 

2000. 

11.23 

11.27 

11.32 

11.36 

11.44 

11.53 

11.69 

11.86 

4000. 

11.22 

11.26 

11.30 

11.35 

11.43 

11.51 

11.68 

11.85 

6000. 

11.21 

11.25 

11.29 

11.33 

11.42 

11.50 

11.67 

11.84 

8000. 

11.20 

11.24 

11.28 

11.32 

11.41 

11.49 

11.66 

11.82 

10000. 

11.18 

11.23 

11.27 

11.31 

11.39 

11.48 

11.64 

11.81 

Table  185. 

3 

Molar  volume  in  cm  /g  of  brucite, 
10,000  bars.  The  tabulations  are 
thermophysical  and  thermochemical 

Mg(0H)?,  to  1000  K and 
based  on  a fit  of  the 
data  given  in  Section  1.5.5. 

Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

300. 

1000. 

1400. 

1800. 

1. 

24.63 

24.69 

24.74 

24.79 

24.90 

25.01 

— 

— 

500. 

•24.53 

24.63 

24.74 

24.79 

24.90 

25.00 

— 

- — 

1000. 

24.62 

24.68 

24.73 

24.79 

24.89 

25.00 

— - 

— 

2UU0. 

24.62 

24.67 

24.73 

24.73 

24.89 

24.99 

— 

--- 

40uU . 

24.61 

24.66 

24.71 

24.77 

24.37 

24.98 

— 

— 

60UU. 

24.59 

24.65 

24.70 

24.76 

24.36 

24.97 

— 

8UUU. 

24.  5a 

24.64 

24.69 

24.74 

24.85 

24.9b 

— 

— - 

1UUU0. 

24.57 

24.  o3 

24.68 

24.73 

24.84 

24.95 
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3 

Table  136.  Molar  volume  in  cm  /g  of  clinoenstatite , MgSiO.,,  to  1300  K 
and  10,000  bars.  The  tabulations  are  based  onJa  fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

«) 

298.15 

400. 

600. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

31.27 

31.38 

31.47 

31.57 

31.77 

31.97 

32.37 

32.77 

5UU. 

31.2b 

31.36 

31.46 

31.56 

31.76 

31.96 

32. 3o 

32.76 

1UUQ. 

31.25 

31.35 

31.45 

31.55 

31.75 

31.95 

32.35 

32.74 

20UU. 

31.22 

31.32 

31.42 

31.52 

31.72 

31.92 

32.32 

32.72 

4000. 

31.16 

31.27 

31.37 

31.47 

31.66 

31.86 

32.26 

32.66 

6000. 

31.11 

31.21 

31.31 

31.41 

31.61 

31.31 

32.21 

32.61 

8000. 

31.05 

31.16 

31.26 

31.36 

31.56 

31.75 

32.15 

32.55 

10000. 

31.00 

31.10 

31.20 

31.30 

31.50 

31.70 

32.10 

32.50 

Table  137. 

3 

Molar  volume  in  cm  /g  of  enstatite,  MgSiO-,  to  1800  K and 
10,000  bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 

Pressure 

(bars) 

Temperature 

(<) 

298.15 

400. 

500. 

600. 

300. 

1000. 

1400. 

1800. 

1. 

31.35 

31.42 

31.50 

31.53 

31.77 

31.97 

32.33 

32.30 

500. 

• 31.34 

31.41 

31.48 

31.57 

31.76 

31.95 

32.36 

32.78 

1000. 

31.32 

31.39 

31.47 

31.56 

31.74 

31.94 

32.35 

32.77 

2000. 

31.29 

31.36 

31.44 

31.53 

31.71 

31.91 

32.32 

32.74 

4000. 

31.24 

31.31 

31.39 

31.47 

31.56 

31.36 

32.27 

32.68 

6000. 

31.18 

31.25 

31.33 

31.42 

31.61 

31.30 

32.21 

32.63 

3000. 

31.13 

31.20 

31.28 

31.37 

31.55 

31.75 

32.16 

32.53 

10000. 

31.08 

31.15 

31.23 

31.31 

31.50 

31.70 

32.11 

32.52 
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Table  18a.  holar  volume  in  cm  /y  of  protoenstatite,  MySiCL,  to  18U0  K. 

and  10, DUO  bars.  The  tabulations  are  based  on^a  fit  of  the 


thermophysical 

and  thermochemical 

data 

given  in 

Section 

1.5.5. 

Pressure 

(bars) 

Temperature 

OO 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

32.34 

32.43 

32.53 

32.62 

32.80 

32.99 

33.36 

33.73 

500. 

32.33 

32.42 

32.51 

32.61 

32.79 

32.98 

33.35 

33.72 

1000. 

32.31 

32.41 

32.50 

32.59 

32.78 

32.96 

33.34 

33.71 

2000. 

32.29 

32.38 

32.47 

32.57 

32.75 

32.94 

33.31 

33.68 

4000. 

32.23 

32.33 

32.42 

32.52 

32.70 

32.89 

33.26 

33.63 

6000. 

32.18 

32.28 

32.37 

32.46 

32.65 

32.84 

33.21 

33.58 

8000. 

32.13 

32.23 

32.32 

32.41 

32.60 

32.78 

33.16 

33.53 

10000. 

32.08 

32.17 

32.27 

32.36 

32.55 

32.73 

33.10 

33.48 

Table  189. 

Molar  volume  in  cnT/g  of  forsterite,  Mg2Si0,,  to 
10,000  bars.  The  tabulations  are  based^on  a fit 
thermo physical  and  thermochemical  data  given  in 

1800  K 
of  the 
Section 

and 

1.5.5. 

Pressure 

(bars) 

Temoerature 

00 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

43.65 

43.78 

43.93 

44.09 

44.44 

44.81 

45.58 

46.36 

500. 

43.53 

43.76 

43.91 

44.07 

44.42 

44.79 

45. 56 

46.34 

1000. 

'43.62 

43.75 

43.39 

44.05 

44.40 

44.78 

45.54 

46.32 

2000. 

43.58 

43.71 

43.86 

44.02 

44.37 

44.74 

45.51 

46.29 

4000. 

43.51 

43.64 

43.78 

43.94 

44.29 

44.67 

45.43 

46.21 

6000. 

43.43 

43.56 

43.71 

43.37 

44.22 

44.59 

45,36 

46.14 

8000. 

43.36 

43.49 

43.64 

43.30 

44.15 

44.52 

45.29 

46.07 

1U0QU. 

43.30 

43.43 

43.57 

43.74 

44.08 

44.46 

45.22 

46.01 
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Table  ISO.  Molar  volume  in  cm  /g  of  chrysotile,  Mg-Si -Oc(OH), , to  1000  K 
and  10,000  bars.  The  tabulations  are  based  3n  a fit  of  the 
thermophysical  and  themochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

107.28 

107.49 

107.70 

107.90 

108.32 

108.74 

5UU. 

107.15 

107.37 

107.57 

107.78 

108.20 

108.62 

— 

— 

luuu. 

107.03 

107.25 

107.45 

107.66 

108.08 

108.50 

— 

— 

2UuQ. 

100.80 

107.01 

107.22 

107.43 

107.84 

108.26 

— 

— 

4UUU. 

106.35 

106. 5b 

106.77 

106.97 

107.39 

107.81 

— 

— 

6UUO. 

100.92 

106.13 

106.34 

106.55 

106.96 

107.38 

— 

— 

8UUU. 

105.52 

105.73 

1U5.94 

106.14 

106.56 

106.98 

— 

— 

10000. 

105.13 

105.35 

105.56 

105.76 

106.18 

106.60 

— 

— 

Table  191. 

Molar  volume  in  cm^/g  of  talc,  Mg-Si 40iQ (OH )«,  to  1000  K and 
10,000  bars.  The  tabulations  are  basea  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 

Pressure 

(bars) 

Temperature 

(K) 

298.15 

40U. 

5UQ. 

oUQ. 

8UQ. 

1000. 

1400. 

1800. 

1. 

135.95 

136.25 

136.54 

136.84 

137.42 

138.00 

— 

— 

500. 

L35.8U 

136.10 

136.39 

136.68 

137.27 

137.85 

— 

— 

1000. 

135.65 

135.95 

136.24 

136.53 

137.12 

137.70 

— 

— 

2000. 

135.36 

135.66 

135.95 

136.24 

136.83 

137.41 

— 

— 

4000. 

134.80 

135.09 

135.39 

135.68 

136.26 

136.85 

- — 

— 

6000. 

134.27 

134.56 

134.85 

135.15 

135.73 

136.32 

— 

- — 

8000. 

133.76 

134.06 

134.35 

134.65 

135.23 

135.81 

— 

— 

10000. 

133.29 

133.59 

133.88 

134.17 

134.76 

135.34 

3 

Table  192.  Molar  volume  in  cm  /g  of  anthophyl 1 ite,  Mg7SioO??(QH).,,  to 

lUUU  K and  1Q,UUU  bars.  The  tabulations  are  based  on^a  fit  of 
the  thermophysical  and  thermochemical  data  given  in  Section 

1.5.5. 


Pressure 

(bars) 

Temperature 

(K) 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

263.86 

263.94 

264.02 

264.09 

264.25 

264.40 

500. 

263.85 

263.92 

264.00 

264.08 

264.23 

264.38 

- — 

— 

1000. 

263.83 

263.91 

263.98 

264.06 

264.21 

264.36 

... 

— 

2000. 

263.80 

263.87 

263.95 

264.03 

264.18 

264.33 

— 

— 

4000. 

263.73 

263.80 

263.88 

263.96 

264.11 

264.26 

... 

— 

6000. 

263.66 

263.74 

263.31 

263.89 

264.04 

264.19 

— 

— 

8000. 

263.59 

263.67 

263.75 

263.82 

263.97 

264.13 

— 

— 

10000. 

263.52 

263.60 

263.68 

263.75 

263.91 

264.06 

— 

— - 

Table  193. 

Molar  volume  in  crn/g  of  antigorite,  Mg.oSi  34^35 
1000  K and  10,000  bars.  The  tabul  ation<s  areoas 
the  thermophysical  and  thermochemical  data  given 
1 . 5 . 3 . 

(0H),p,  to 
ed  on  a fit  of 
in  Section 

Pressure 

Temperature 

(bars) 

(K) 

298.15 

400. 

500. 

600  . 800. 

1000. 

1400, 

1800. 

1. 

1749.15 

1752.31 

1756.40 

1759.99  1767.17 

1774.35 

500. 

1747.23 

1750.89 

1754.48 

1758.07  1765.25 

1772.43 

- — 

— 

1000. 

1745.33 

1743.99 

1752.58 

1756.17  1763.35 

177Q.53 

— 

— 

2000. 

1741.61 

1745.26 

1748.85 

1752.44  1759.63 

1766.31 

— 

— 

40UU. 

1734.47 

1738.13 

1741.72 

1745.31  1752.49 

1759.68 

— 

6000. 

1727.74 

1731.40 

1734.99 

1738.58  1745.76 

1752.94 

— 

— 

8000 . 

1721.38 

1725.04 

1728.63 

1732.22  1739.40 

1746.58 

« — 

- — 

iuouo. 

1715.37 

1719.03 

1722.62 

1725.21  1733.39 

1740.57 
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Table  194.  Molar  volume  in  cm  /g  of  quartz,  SiCL,  to  1800  K and  10,000 
bars.  The  tabulations  are  based  on  a fit  of  the 
thermophysical  and  thermochemical  data  given  in  Section  1.5.5. 


Pressure 

(bars) 

Temperature 

00 

298.15 

400. 

500. 

600. 

800. 

1000. 

1400. 

1300. 

1. 

22.59 

22.72 

22.86 

23.00 

23.27 

23.58 

23.58 

23.58 

500. 

22.57 

22.70 

22.84 

22.97 

23.25 

23. 56 

23.56 

23.56 

1000. 

22.54 

22.68 

22.82 

22.95 

23.22 

23.53 

23.53 

23.53 

' 2000. 

22.50 

22.64 

22.78 

22.91 

23.18 

23.48 

23.48 

23.48 

4000. 

22.42 

22.55 

22.69 

22.83 

23.10 

23.39 

23.39 

23.39 

6000. 

22.32 

22.47 

22.60 

22.74 

23.01 

23.28 

23.30 

23.30 

8000. 

22.24 

22.38 

22.52 

22.65 

22.93 

23.20 

23.20 

23.20 

10000. 

22.16 

22.30 

22.43 

22.57 

22.34 

23.11 

23.11 

23.11 

Table  195. 

Molar  volume  in 

cnr/g  of  cristobal  ite , 

Si07,  to 

1000  K , 

and 

10.000 

bars.  The  tabulations  are 

based 

, on^a  fit 

of  the 

thermophysical 

and  thermochemical 

data 

given  in 

Section 

1.  5. 5. 

Pressure 

Temperature 

(oars) 

(K) 

298.15 

4UU. 

500. 

600. 

800. 

1000. 

1400. 

1800. 

1. 

25.81 

26.07 

26.33 

27.36 

27.40 

27.44 

27.53 

27.61 

500. 

25.77 

26.04 

26.29 

27.33 

27.37 

27.41 

27.50 

27.53 

1000. 

25.74 

25.00 

26.26 

27.29 

27.34 

27.38 

27.46 

27.55 

2000. 

25.68 

25.94 

25.20 

27.23 

27.27 

27.31 

27.40 

27.48 

4000. 

25.55 

25.31 

26.07 

27.10 

27.14 

27.13 

27.27 

27.35 

6000. 

25.42 

25.63 

25.94 

25.97 

27.01 

27.05 

27.14 

27.22 

3000. 

25.29 

25.55 

25.31 

26.34 

26.38 

26.93 

27.01 

27.10 

10000. 

25.16 

25.42 

25.68 

26.71 

26.75 

26.80 

25.88 

26.97 
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1.5.5.  Summaries  of  Data  Sources,  Standard  State  Properties, 
and  Fitted  Functions  Describing  Mineral 
Thermodynami cs  and  Thermophysical  Properties 

The  sources  of  data  used  for  the  evaluation  of  the  properties,  both 
thermophysi cal  and  thermochemical  , are  given  in  this  section.  They  are 
arranged  by  chemical  formula  in  the  same  order  as  they  appear  in  the 
previous  section  containing  the  data  tables. 

The  constants  that  are  to  be  used  in  the  algebraic  functions  given 
in  section  1.5.3  are  given  below  in  section  1.5.49. 

1.5. 5.1.  A1  , aluminum  (formula  weight  = 28.892  g/mol ) 

The  properties  of  aluminum  were  taken  from  the  JANAF  thermochemical 
dataa.  The  molar  volume  of  aluminum  was  not  needed  in  this  study 
and  therefore  was  not  evaluated. 

1.5. 5. 2.  A100H  (formula  weight  = 59.989  g/mol) 

1.5. 5. 2.1.  Boehmite 

Tables  196  and  197  contain  the  data  used  in  the  final  evaluation. 
All  other  data,  though  cited  in  the  reference  list,  were  dropped  before 
the  final  evaluation. 

Shomate  and  Cook  (1946)  measured  the  heat  content  of  a boehmite 
sample  between  298  and  520  K.  However,  the  data  do  not  smoothly 
connect  with  the  low-temperature  data  and  appear  to  be  too  low.  It 
is  probable  that  there  was  loss  of  H2O  from  the  sample  without 

aJANAF  Thermochemical  Tables,  looseleaf  pages  for  1979  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 
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correction  for  the  change  in  weight  and  phase  content.  Mukaibo  and 
others  (1969)  measured  the  heat  capacity  of  an  impure  boehmite  between 
3.2  and  585  K.  The  sample  contained  about  1 percent  excess  H2O  and 
had  a heat  capacity  about  1.3  percent  lower  than  the  estimated  values 
of  Haas  and  others  (1981).  The  excess  H2O  was  probably  present  as 
admixed  gibbsite.  The  lower  heat  capacity  is  consistent  with  such  a 
hypothesi s . 

Hemley  and  others  (1980)  measured  the  concentration  of  silicic 
acid  coexisting  with  the  mineral  pair  boehmite  + kaolinite.  During 
the  previous  effort  (Haas  and  others,  1981),  it  was  recognized  that 
the  experiments  lead  to  a possible  inversion  of  diaspore  to  boehmite 
about  570  to  600  K.  Discussions  at  that  time  and  since  then  with 
J.J.  Hemley  indicate  that  the  inversion  may  exist.  Acting  upon  the 
suggestion  of  Hemley,  in  this  evaluation  we  have  used  the  data  that 
would  make  boehmite  the  least  stable,  that  is,  we  used  the  three 
points  that  had  the  lowest  silicic  acid  concentrati on  for  the  tempera- 
ture of  observation.  The  inversion  as  derived  from  this  evaluation  is 
calculated  to  be  583.55  K at  1.01  bars. 

1.5. 5. 2. 2.  Diaspore 

Tables  198  and  199  contain  the  data  used  in  the  final  evaluation 
of  the  properties  of  diaspore.  Other  data,  though  cited  in  the 
reference  list,  were  dropped  before  the  final  evaluation. 

The  heat  capacity  of  diaspore  is  based  on  the  recent  work  of 
Perkins  and  others  (1979).  The  earlier  work  by  King  and  Weller 
(1961a)  is  in  reasonable  agreement  though  it  averages  slightly  lower. 
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j 

The  heat  capacity  was  also  measured  by  Mukaibo  and  others  (1969)  on 
an  impure,  h^O-defi ci ent  sample  to  near  600  K.  These  data  are  slightly 
higher  than  those  of  Perkins  and  others.  Mukaibo  and  others  did  not 
make  composition  corrections  on  their  data,  and  this  departure  would  be 
expected  if  a less-hydrous  phase  such  as  corundum  were  present. 

The  phase  equilibria  studies  of  Heml  ey  and  others  (1980),  Haas 
(1972),  and  Haas  and  Holdaway  (1973)  are  in  good  agreement.  Depending 
upon  the  work  by  J.J.  Heml  ey  currently  in  progress,  the  decomposition 
reaction  of  diaspore  to  corundum  and  H;?0[gas]  may  be  metastable. 

1.5. 5. 3.  A1  (OH) 3 , gibbsite  (formula  weight  = 78.004  g/mol ) 

The  data  used  to  evaluate  the  properties  of  gibbsite  are  given  in 
tabl es  200  and  201 . 

In  addition  to  these  data,  Hemingway  and  others  (1977)  measured 
the  enthalpy  of  the  reaction: 

Al[c]  + 3 H20[liq]  = A1  ( 0 H) 3^gi  bbsi  te]  + 1.5  H20[gas] 

They  obtained  an  enthalpy,  when  reduced  to  298.15  K,  of  -435.957  ± 

3.173  kj/mol  as  compared  to  -437.209  kj/mol  calculated  from  the  tabu- 
lated properties.  The  departure  is  1 .252  kj/mol  . These  results  are 
an  independent  check  on  the  enthalpy  of  formation  recommended  by  the 
CODATA  Task  Group  on  Key  Values  for  Thermodynamics  (1978)  and  used  in 
preparing  the  JANAF  Thermochemical  Tables9. 

aJANAF  Thermochemical  Tables,  loose!  eaf  pages  for  1979  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 


293 


o 

< 

oT 


o 

vi 

V 

s. 

3 

o 

oo 


o 

o 


o> 

CM 

c u. 

3 0 

OOO 

O 

(J  t. 

• • *H 

- L. 

O O m 

O 

3 0) 

O 

o. 

O 

1 

3 

l.  ^ 

3 V» 

_)  _«  ^ 

*—4 

V)  L. 

OOO 

O 

V>  03 

• • • 

3 J3 

— 4 

- — 

a 

3 

C7> 

3 

rO 

3 

cc 

t- 

3 

o> 

4-> 

r«^ 

'O  - — - 

CO  25  «T 

CO 

3%  O 1 

o> 

3 -w 

a. 

^8 

CM 

s 

CM 

3 

V— 

*♦- 

0 

VI 

u -> 

0)  3 

« on 

r-^ 

-3  •— 

CM 

E O 

3 a. 

z 

• 

c >>  . 

U 

• 

■3 

3 U *— 

O 

•*—  4_J  OJ 

v» 

03 

r“ 

W 3 (j 

• 

u 

4-1 

^ = 

•0 

V 

— O • 

2: 

— ■ •*->  O 

"3 

3 

a.  0313 

C 

03 

— — •— 

03 

•*— 

3 •—  *0 

O 

<J  *3  'O 

03 

>> 

3 

u 

a. 

>>•*- 

>» 

■M  U 

w 

•»-  03 

> a. 

03 

•^-  03 

>1 

*-» 

3 V>  V 

a 

— “ 

3 

3 3 W 

u 

— a 13 

4-> 

3X3 

c 

>3-3 

3 

>«* 

r** 

O 

* 

T*  VI 

i/» 

— • L. 

i. 

3 

3 

3 

U 

• 

*~ 

U 

V)  — > 

W 

3 

i-  O 

3 

3 

3 

-O 

Z O 

■a 

3 -n  *3 

•*0 

'O 

*3  3%  >* 

■a 

■O  5 

5 

• cn 

zn 

3 2 3 

3 

— 13  — 

3 0 = 

= 

3 3 3 

_3 

3 2 3 

— 

*3 

3 

4-J 


a; 
J z 


u 

0)  *0 


03  U 

E O 


O 

&-  U 
5-  3 

0)  Vi- 

OJ 

•3  cc 
u 

TD  • 

c:  0 

03  CT 


3 O 
3 .3 


c o 

3 

vi  C 

a ) q 

t.  •*- 
a.  -*-j 
3 03 

i-  — 
> 
vi  a; 
i-  ^3 
0; 

-a  03 


03  gj 

3 tj 

^ *3 
W C 


294 


„ — „ 

ao  3* 

0*.  r*%  f-H 

OO 

an  — 

3-  co 

VO  G CM 

OO 

— t 0 

0 ao 

ao  ao  vo 

VO 

00  ^ 

G on 

5 

G G Co 

*3- 

G -o 

g a> 

G 

CM  -* 

CM  CM 

CM  Osl  CM 

CM 

*■■■ * »—* 

«— h 

0 <4. 

X 

1 1 

1 1 1 

1 

-*■*  G 

G r-4 

on  cm  ao 

^ L* 

ao  co  co  3*  an 

on  ao 

on  con  on 

00 

• • 

• « • 

— 2 

G O 

G G G 

• 3 

-H  -H 

•H  -H  -H 

CO  — J 

G O 

G OO  O 

oo 

ao  0-. 

00 

CM  G 

n a>  G G 

■ — $. 

0 u t- 

vo  on 

r*^  G CO 

X X 

— < 3- 

1 

h- 

3 

i- 

3 — * 

</>  G 
</>  .* 

Is 

sis 

a;  — 

on 

im 

G O O G G 

Q. 

3 

3 

g 

_ 

s 

C 

3 3 
cc  S- 

• 

3 

OJ 

G 

00  o«* 

r**  r-. 

G 

3 

on  3- 

3-  *3* 

i. 

on  00 

m 00  on 

</> 

3 ^ 

G 

Q. 

G 

**" 

5 

G 

h- 

S. 

^ 7) 

O 

O G 

<G  1— * 

6 

6 

5 

G 

C 

3 

O O 

G 

2Z  CL 

3 

*0 

3 

u 

*G 

3 

U 

G 

3 

<J 

G 

O 

3 G 

G G G 

= 

Z2  •— 

w 

3 

3 3 3 

OJ 

C 3 

3 3 3 

G 

■*— 

G 

'a.  U.  Li. 

G G G 

G 

G 

O 

• » « 

— >> 

>1  ^ >> 

:/> 

•*-  s. 

V_  3 3 

3 

3 G 

-*— * G —J 

0 

3 3 

3 3 3 

3 

3 -t= 

G G G 

0 

VO  L. 

3 3 L. 

VO 

0 

3 3 0 

3 3 

3 3 3 

• 

3 

3 3 3 

G 

CM 

3 3 

3 3 3 

G 

L.  •*- 

3 

3 

3 G 

G G G 

G 

-t-  3 

3 3 3 

G 

G 

3 

3 

3 

3 3 3 

b- 

X 

G VO 

ao  VO  VO 

"M 

ao 

20 

OOO 
G G G 

_* 

^ ^ ^ 

3 

• . • 

3 

>o  >■>  >v 

3 

> 

3 3 3 

3 

3 

3 3 3 

X 

a a a 

G G 

G G G 

G 3 

3 3 3 

G 

— < 3 

3 3 3 

3 

G 

3 

• _a 

>>  >,V) 

u 

G 3 

3 3 3 

£. 

C 3 

3 3 3 

70 

3 

3 3 

i-  L-  !_ 

-I— 

O 

G 3 

3 3 3 

G 

VO 

3 ^ 

G G G 

0 

1 

G 

G 

G VO  b- 

3 

-n 

G G G 

3 

3 

— 

3 

G 


CM 

o 

vo 

CM 

+ 


G 

G 


O 


3 

o 

G 


o 

G 

< 

II 


r-o 

3 


t/i 

G 


Cl 


G 

< 


O 

3 

G 

II 


on 

CM 


< 

3 

G 


CM 

O 


< 

CM 


00 

^CM 

VO 

CM 


< 


CM 


a; 


<SI 

G 

G 

G 


on 


< 

CM 


II 


uo 

O 


G 

ao 

G 

CM 

vo 

CM 

<C 


CM 

G 

VO 


CM 


G 

G 


on 

3 


< 

CM 


II 


o 

■a 

i— i 

3- 


vo 

CM 

< 


> O C3  '-O 

< G G G 


295 


1.5. 5. 4.  A1  2O3 , corundum  (formula  weight  = 101  .962  g/mol ) 


The  properties  of  corundum,  with  the  exception  of  molar  volume, 
were  taken  from  the  JANAF  Thermochemical  Tables3.  Table  202  contains 
the  sources  of  data  for  the  molar  volume  as  a function  of  temperature 
and  pressure. 

1.5. 5. 5.  A1 2^i  O5  (formula  weight  = 162.047  g/mol) 

The  stable  polymorphs  of  AlgSiOj  have  calculated  inversions  at 
1.01  bars  as  follows: 

Inversl  on  Temperature 

kyanite  = andalusite  408.45  K 

andalusite  = sillimanite  942.45  K 

The  data  used  to  establish  these  reactions  as  well  as  the  phase 
equilibria  with  other  minerals  are  cited  below. 

1.5. 5. 5.1.  Andalusite 

Tables  203  and  204  contain  the  data  used  in  the  final  evaluation. 
All  other  data,  though  cited  in  the  reference  list,  were  dropped  before 
the  final  evaluation. 

The  molar  volumes  as  measured  by  Winter  and  Ghose  (1979)  are 
smaller  than  those  measured  earlier  by  Skinner  and  others  (1961). 

The  recent  data  of  Schneider  (1979)  are  intermediate  between  the  two 
data  sets.  Because  of  the  scatter,  all  sets  are  included  in  the 

a-JANAF  Thermochemical  Tables,  looseleaf  pages  for  1979  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 
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Table  204.  Sources  of  thennochemlcal  data  for  andaluslte,  A1?S10 
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Al.SiO.  [andalusite]  + 2 !L0[yJ  = A I [corundum]  + H. SI 0. [aqueous , 1 or  2 kb] 


evaluated  data  set  and  the  results  are  most  consistent  with  Schneider's 
data,  as  would  be  expected. 

There  is  disagreement  between  the  changes  in  the  molar  volumes  as 
measured  by  Ralph  and  others  (1981)  and  the  compressibility  as  cal-  - 

cul  ated  from  the  elastic  constants  by  Robi  e and  Hemingway  (1982  , unpub.). 

However,  the  mechanically  measured  compressibilities  obtained  by  Brace 
and  others  (1969)  are  in  reasonable  agreement  with  the  measured  volumes. 

All  three  sets  were  included.  The  evaluation  rejected  the  calculated 
compressibil  ity  and  favored  the  other  sets.  , 

The  earlier  1 ow-temperature  heat  capacities  of  Todd  (1950)  have 
been  replaced  by  new  measurements  of  better  samples  by  Robie  and 
Hemingway  (in  press).  The  high-temperature  heat  capacities  were 
obtained  from  the  work  of  Pankratz  and  Kelley  (1964b). 

The  data  relating  the  stability  of  andalusite  to  other  minerals 
as  given  in  table  204  are  reasonably  consistent.  The  major  exception 
is  the  experiments  of  Heml  ey  and  others  (1980)  for  the  concentration 
of  aqueous  silicic  acid  coexisting  with  pyrophyllite  and  andalusite 
at  1 kb.  The  results  for  the  same  mineral  pai r at  2 kb  are  in  good 
agreement  with  the  results  of  Haas  and  Holdaway  (1973)  for  the  break- 
down of  pyrophyllite. 

1.5. 5. 5. 2.  Kyanite 

The  data  used  in  the  final  evaluation  are  given  on  tables  205  and 
206.  Other  data,  though  cited  in  the  reference  list,  were  dropped 
before  the  final  evaluation. 
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A1„S10,  fkyanltt;]  *•  CaSIO  J.wol I astonlte]  = CaAl^S1J).Tanorthlte] 


The  thermochemical  data  are  based  primarily  on  the  reversed 
equilibria  among  the  polymorphs  kyanite,  sillimanite,  and  andalusite 
by  Newton  (1966a),  Holdaway  (1971),  and  Weill  (1966). 

There  remains  an  inconsistency  between  the  studies  of  the  molar 
volume  by  Wi nter  and  Ghose  (1979)  and  by  Skinner  and  others  (1961). 

As  stated  in  the  discussion  for  andalusite,  the  data  necessary  to 
discriminate  between  the  sets  are  not  available. 

1.5. 5. 5. 3.  Sillimanite 

Tables  207  and  208  contain  the  sources  of  data  used  in  the  final 
evaluation.  As  with  kyanite  and  andalusite,  there  is  a disagreement 
between  the  molar  volume  studies  of  Skinner  and  others  (1961)  and  of 
Winter  and  Ghose  (1979)  and  between  the  compressibility  calculated 
from  elastic  constants  (Robie  and  Hemingway,  1982,  unpub.)  and  the 
compressibility  derived  from  dilatometry  (Brace  and  others,  1969).  As 
with  the  andalusite,  all  data  were  used  in  the  final  evaluation. 

The  results  of  the  evaluation  of  the  thermochemical  data  agree 
best  with  the  andal usi te-sil  limanite  equilibrium  study  by  Holdaway 
(1971).  The  departures  from  the  other  studies  are  within  the  preci- 
sion of  the  observations. 

1.5. 5. 6.  A1 2^i  2°5  ( 0 H)  4 (formula  weight  = 258.162  g/mol ) 

Kaolinite  is  the  stable  polymorph  in  this  system  at  1.01  bars. 

The  phases  dickite  and  halloysite  are  metastable  to  kaolinite.  Tables 
for  kaolinite  are  given  in  lieu  of  a reference  table  for  the  system. 
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1.5. 5. 6.1.  Kaolinite 


The  data  used  in  the  final  evaluation  are  given  in  tables  209 
and  210.  All  other  data,  though  cited  in  the  reference  list,  were 
deleted  prior  to  the  final  evaluation.  All  the  data  in  table  210  are 
in  reasonable  agreement.  However,  as  cited  in  the  text,  the  phase 
equilibrium  study  of  Thompson  (1970)  was  not  used  in  the  final  evalua- 
tion because  it  is  believed  that  equilibrium  of  stable  phases  was  not 
observ  ed. 


1.5. 5. 6. 2.  Dickite 

Tables  211  and  212  contain  the  data  for  dickite  used  in  the  final 
evaluation.  The  thermochemical  properties  are  based  on  the  measured 
heats  of  solution  of  six  dickite  samples  in  HF  acid  as  compared  with 
the  stoichi ometrical  ly  equivalent  solution  of  gibbsite  (Barany  and 
Kelley,  1961),  water  (Barany,  1963),  and  quartz  (Bennington  and  others, 
1978)  also  in  HF  acid. 


1.5. 5. 6. 3.  Halloysite 

Tables  213  and  214  contain  the  data  for  halloysite  used  in  the 
final  evaluation.  The  thermochemi cal  properties  are  based  on  the 
heat  of  solution  of  six  halloysite  samples  in  HF  acid  as  compared 
with  the  stoi  chi  ometri  cal  ly  equivalent  solution  of  quartz  (Bennington 
and  others,  1978),  gibbsite  (Barany  and  Kelley,  1961),  and  water 
(Barany,  1963)  also  in  HF  acid. 
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1.5. 5. 7.  A1  2S  i 40^q(0H)2  , pyrophyllite  (formula  weight  = 

360.317  g/mol) 


Tables  215  and  216  contain  the  sources  of  data  used  in  the  final 
evaluation  of  the  properties  of  pyrophyllite.  Other  data,  though  cited 
in  the  reference  list,  were  deleted  prior  to  the  final  evaluation. 

All  the  data  used  in  the  final  evaluation  are  in  acceptable  internal 
agreement . 

1.5. 5. 8.  C,  graphite  (formula  weight  = 12.011  g/mol) 

The  properties  of  graphite  were  taken  from  the  JANAF  Thermo- 
chemical Tables3.  The  molar  volume  of  graphite  was  not  needed  in 
this  study  and  therefore  not  evaluated. 

1.5. 5. 9.  CO,  carbon  monoxide  (ideal  gas,  formula  weight  = 

28.010  g/mol ) 

The  properties  of  carbon  monoxide  ideal  gas  was  taken  from  the 
JANAF  Thermochemical  Tables  (Stull  and  Prophet,  1971).  The  molar 
volume  was  not  needed  for  this  study  and  therefore  not  evaluated. 

1.5.5.10.  CO2 , carbon  dioxide  (ideal  gas,  formula  weight  = 

44.010  g/mol ) 

The  thermodynamic  properties  of  the  ideal  gas  at  1.01  bars  were 
taken  from  the  JANAF  Thermochemical  Tables  (Stull  and  Prophet,  1971). 
The  corrections  for  the  real  gas  as  a function  of  pressure  at  constant 
temperature  were  taken  from  the  work  of  Jacobs  and  Kerrick  (1981). 

aJANAF  Thermochemical  Tables,  looseleaf  pages  for  1978  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 
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1.5.5.11.  Ca , calcium  (formula  weight  = 40.08  g/mol ) 


The  heat  capacity,  heat  content,  and  i nversi  on-rel  ated  data  were 
taken  from  the  compilation  of  Hultgren  and  others  (1973).  The  entropy 
at  298.15  K for  calcium  was  taken  from  the  CODATA  Task  Group  (1978). 

The  volumetric  data  for  calcium  were  not  needed  in  this  study  and, 
therefore,  were  not  evaluated. 

1.5.5.12.  CaAloSiOfi,  Ca-Al  cl  i nopyroxene  (formula  weight  = 

218.085  g/mol) 

Tables  217  and  218  contain  the  data  used  in  the  final  evaluation. 
All  other  data,  though  cited  in  the  reference  list,  were  dropped 
before  the  final  evaluation. 

In  addition  to  the  thermochemical  data  cited  on  table  218,  Hays 
(1966)  observed  four  reversals  for  reaction  AI.  His  results  lead  to 
an  enthalpy  of  formation  from  the  elements  at  298.15  K of  -3297.035 
kj/mol  , a value  1.6  kj/mol  less  stable  than  obtained  through  the 
weighted  refinement.  Hays  used  a solid-medium  piston  cylinder  appa- 
ratus in  his  experiments  without  a pressure  correction.  The  recent 
work  by  Gasparik  (1981)  used  a salt  medium.  The  pressure  correction 
is  negligible  and  the  data  are  consistent  with  the  other  data  in  the 
eval  uati  on . 

1.5.5.13.  CaAl  2Si  2^8 , anorthite  (formula  weight  = 278.209  g/mol) 

Tables  219  and  220  contain  the  data  used  in  the  final  evaluation. 
All  other  data,  though  cited  in  the  reference  list,  were  dropped  before 
the  final  evaluation. 
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A1,.S10,  [kyanite]  + CaS1(J..[  wol  I abtonlte]  = CaAl^Si ?Oft[anorthite] 


The  relation  between  volumes  and  temperature  as  measured  by  high- 
temperature  x-ray  techniques  differs  considerably  from  the  results 
using  dilatometry.  The  weights  were  set  such  that  the  x-ray  results 
were  favored  because  the  x-ray  results  are  more  precise  and  less 
subject  to  mechanical  errors. 

The  heat  capacities  as  measured  by  Robi e and  others  (1973)  and 
by  Hemingway  and  others  (1981)  were  used  to  determine  the  heat  capaci- 
ties, heat  contents,  and  entropies  below  1000  K.  The  experimental 
data  of  White  (1919)  and  the  smoothed  results  of  Ferrier  (1969)  were 
used  to  obtain  the  same  properties  above  1000  K. 

Several  studies  of  the  phase  equilibria  between  anorthite  and 
other  minerals  in  the  presence  of  quartz  at  pressures  at  and  above 
10  kb  were  not  used  in  the  evaluation.  Goldsmith  (1980)  discusses 
the  stoichiometry  of  anorthite  and  reports  that  stoichiometric 
anorthite  will  partially  decompose  to  an  alumina-deficient  anorthite 
and  corundum.  Hays  (1966)  and  Goldsmith  (1980)  studied  the  reaction 

3 CaAl  2Si  208[an°rthi  te]  = Ca3Al  2Si  30i2[9rossul  ar]  + 

2 A1  2Si05[kyanite]  + Si02[quartz] 

between  22  and  32.3  kb.  The  enthalpies  of  reaction  at  298.15  K and 
1.01  bars  are  -43.619  and  -43.399  kj , respecti vely . These  lead  to 
enthalpies  of  formation  of  -4223.529  and  -4223.884  kJ/mol  . These 
enthalpies  of  formation  are  very  anomalous  when  compared  to  other  data 
at  lower  pressure  or  data  where  corundum  was  a reactant  or  product. 
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1.5.5.14.  CaAl  4Si  20iq(0H)2  > niargarite  (formula  weight  = 

398.186  g/mol ) 

Tables  221  and  222  contain  the  sources  of  data  used  in  the  final 
evaluation  of  the  properties  of  margarite.  In  evaluating  the  heat 
capacity  of  margarite,  the  smoothed,  composi ti on-corrected  data  of 
Perkins  and  others  (1980)  were  used. 

The  data  used  to  evaluate  the  thermochemical  properties  are  in 
good  agreement.  Only  the  reversal  at  9 kb  in  the  study  by  Storre  and 
Nitsch  (1974)  is  found  to  be  in  serious  disagreement  with  the  fitted 
properti es . 


1.5.5.15.  CaCOg  (formula  weight  = 100.089  g/mol) 

The  phase  cal  cite  is  the  stable  phase  at  1.01  bars.  Therefore, 
the  tables  for  cal  cite  are  used  as  the  reference  tables. 

1.5.5.15.1.  Cal  cite 

Tables  223  and  224  contain  the  data  used  in  the  final  evaluation. 
All  other  data,  though  cited  in  the  reference  list,  were  dropped  before 
the  final  evaluation. 

The  volumetric  properties  were  derived  from  the  studies  given  in 
tables  223  and  are  in  reasonable  internal  consistency.  The  heat 
capacities,  heat  contents,  and  the  entropy  of  cal  cite  are  based 
primarily  on  the  experimental  data  of  Staveley  and  Linford  (1969)  and 
of  Jacobs  and  others  (1981).  The  compilation  of  Kelley  (1960)  was 
used  to  fix  the  properties  above  800  K.  Calcite  has  a number  of  poly- 
morphs that  have  small  differences  in  the  crystal  structure.  Insuffi- 
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cient  data  exists  to  evaluate  the  properties  of  the  individual  poly- 
morphs. Therefore,  the  tabulated  data  in  tables  54,  55,  and  160 
represent  the  average  properties  of  all  the  polymorphs  of  the  calcite- 
related  structural  type. 

The  enthalpy  of  formation  from  the  oxides  is  based  on  the  decom- 
position data  of  Smyth  and  Adams  (1923)  and  Baker  (1962).  These  sets 
are  in  good  agreement.  However,  the  experiments  of  Harker  and  Tuttle 
(1955)  lead  to  an  enthalpy  of  reaction  at  298.15  K of  170.564  ± 4.531 
kj/mol  , a departure  from  the  evaluated  result  of  -9.773  kj/mol  . 

1.5.5.15.2.  Aragonite 

Tables  225  and  226  contain  the  data  used  in  the  final  evaluation. 
All  other  data,  though  cited  in  the  reference  list,  were  dropped  before 
the  final  evaluation. 

The  cal cite-aragoni te  reaction  has  been  studied  extensively.  The 
data  used  (table  226)  cover  a large  range  in  both  temperature  and 
pressure  and  are  internally  consistent. 

1.5.5.16.  CaO,  lime  (formula  weight  = 56.079  g/mol ) 

Except  for  the  volumetric  data,  the  properties  of  lime  were  taken 
from  the  JANAF  Thermochemical  Tables  (Stull  and  Prophet,  1971).  Table 
227  gives  the  sources  of  data  for  the  volumetric  properties  that  were 
used  in  this  study. 

1.5.5.17.  CaSi03  (formula  weight  = 116.164  g/mol) 

The  two  polymorphs  included  in  this  study  are  wollastonite  and 
cycl owoll astoni te  (or  "pseudowoll astoni te") . 
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1.5.5.17.1.  Wollastonite 


Tables  228  and  229  contain  the  sources  of  data  used  in  the  final 


evaluation  of  the  properties  of  wollastonite.  All  other  data,  though 
given  in  the  reference  list,  were  dropped  before  the  final  evaluation. 

The  heat  capacity  data  that  were  given  the  highest  weight  in  the 
evaluation  were  the  data  from  adiabatic  calorimetry  and  differential 
scanning  calorimetry  (d.s.c.)  by  Krupka  and  others  (1980)  and  the 
data  above  1000  K from  the  drop  calorimetry  of  Southard  (1941). 

The  thermochemical  data  used  are  in  good  internal  agreement.  The 
most  divergent  data  seem  to  be  from  the  borate-salt  solution  calorim- 
etry. However,  even  here  the  departure  in  enthalpy  of  formation  from 
the  elements  is  only  2 kj/mol  . The  thermochemical  properties  of 
wollastonite  were  also  controlled  by  the  evaluation  of  the  data  for 
cycl  owol  1 astoni  te  and  the  forcing  of  an  inversion  temperature  of 
1398.15  K (Osborn  and  Schairer,  1941)  where  the  Gibbs  energy  difference 
between  the  two  polymorphs  is  forced  to  be  zero. 


1.5.5.17.2.  Cycl owol 1 astoni te  (=  "pseudowoll  astonite") 


Tables  230  and  231  contain  the  data  in  the  final  evaluation. 


Other  data,  though  cited  in  the  reference  list,  were  dropped  prior  to 


the  final  evaluation. 


The  reported  inversion  temperature  at  1.01  bars  is  1398.15  ± 10  K 
(Osborn  and  Schairer,  1941).  The  thermochemical  properties  were  deter- 
mined from  the  tabulated  data  relating  to  cycl owol 1 astoni te  and 


wollastonite  using  the  inversion  temperature  as  a fixed  point  where  the 


Gibbs  energies  of  the  polymorphs  are  equal. 
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1.5. 5. IB.  Ca^Al  2S:  Dg(0H'9  , bicchulite  ' formal  a weight  = 

292.220  g/mol) 

~ao'  es  232  and  233  contain  the  data  used  in  tne  final  evaluation, 
y the  molar  vo'-me  o*  oicchul*te  was  available.  The  other  proper- 
ties der*  ved  from  tne  ficti  ve-component  -ethod  of  estimation  as 
cited  in  section  1.3.2  or  by  the  slope  of  the  univariant  reaction  in 
r^ess-re-te~ceratu'‘e  space.  The  'arge  2-si g~a  confidence  limits  given 
0"  tne  tab'es  reflect  this  lac<  o*  available  data. 

1.5.5.19.  Ca?AloSi9fi,  gehlenite  formula  weight  = 

“ 274.20A  g/mol) 

'aoles  23-  and  235  co^ta'n  tne  data  used  in  the  final  evaluation 
o*  t~e  properties  of  gehlenite.  All  other  data,  though  cited  in  the 
~e*e,'er!CE  " ' st , -e^e  cropcec  be'd^e  the  fi - a 1 evaluation. 

The  enthalpy  of  so'ution  of  gehlenite  in  ~F  ac'd  solutions  as 
-eas.-et  oy  3arany  '1963'  was  probably  obtained  fr om  a sample  that,  at 
t*e  time  of  meas^-emert , «*as  ~ot  ge"‘enite  even  though  it  "ad  been  so 
identified  te'pre  gr-  -g  ana  sizing  by  siltati  on  in  water.  Gehlenite, 
being  o^e  o f tne  cement  biases,  may  nave  "eacted  with  tne  water  during 
tne  siltati  or  a":  not  converted  tack  to  gehlenite  during  drying  at  972 
<.  1"  any  eve" t,  tne  results  Barony  achieved  we^e  what  would  be 
ex cec tec  i * one  we-e  working  witn  a -etastab"  e or  "eacted  material. 

~hey  a'e  discoraant  with  tne  e-fo pv  a^d  Dnase  equilibria  cor  gehlenite. 


3 3 C“ 


^o 

o 


co 

m 

CM 

3 

n 

3 


0 0=0 
co  os  ro 

lO  — 

— • o 

CO  f>  N 

• £ 

• • • 

CO  ^ 

VO  r^» 

O'*  —D 

CO  CO  CO 

cm  ^ 

CO  CO  CO 

nr  <y  «r 

9 *4- 

i i i 

— 

^ O 

CO  cO 

<3*  CM 

lO  - 

CO  I""* 

-H  5 

d d 

• 3 

-H  -H 

CO  —i 

nr  -o 

os 

OS  sO 

CM  O 

CO  cO 

— ■*  i- 

0 l-  -i- 

CM  f-H 

— .3 

*“H  i—H 

1— 

3 

LO 

u 

o o 

3 — * 

• • 

<S)  O 

r^» 

SI 

1 1 

01  

lO  VO 

U 

CL 

o o 

3 

CJI 

c 

.13  aj 

C&  w 

CO  CO 

3 

CO  CM 

4-> 

O O 

3 * 

< *"H  •— 4 

S-  ^ 

1 1 

OJ  

o nr 

3. 

o CO 

2s 

CO  CO 

3 

}— 

»*-  SI 

C.  i. 

o *-> 

3-  3. 

c 

• •*— 

o 

o o 
Z o- 

*3 

SI 

3 

*J 

3 

S_ 

3 

< 

3 

i- 

5 

-y> 

3 

i- 

CL 

O 
= 3 
3 

3 •*- 
3 a 

o 

= 3 

1 3. 

*3 

SI  SI 

3 

<3  3 

S 

CO  3 

3 

CO 

r** 

O 

3 

3 

—3 

L. 

3 »* 

W r-*» 

-J  o> 

3 — ♦ 

3 - 

0 — 0 
3 3 3 
3 .3  W 
3 V) 

V 

3 3 

i- 

V.  S! 

3 

3.  3 — 

3 

3 3 .3 

V) 

'J  3 H 

3 

3 

w 

vO  V 

3 

X X 

3 

3 

3 

CH 


O 


CM 

< 


CM 


<3 

O 

II 


j3 

CM 

5 

vo 

o 


SI 

5 


u 

-3 

3 


V) 

< 


340 


i 


i 

I 


r-. 

4->  -T3 

O Hfs 

C U 

« « • O'* 

a o 

o o o o 

u i- 

• -H  -H  • 

U i- 

OfOHO 

<11  OJ 

1 o o I 

a. 

• « 

o o 
1 

CJ 

t-  ^ 
3 VI 

^ r—4  ^ *”“4 

VI  t- 

o o o o 

vi  <a 

OJ  -Q 
t- 

^ r-H 

a. 

CJ 

CD 

C 

• 

0) 

r*** 

QC 

&- 

O 

3 

4-» 

vo  o 
co 

-o 

^ - — ■* 

CO  CVJ  CO 

CVI 

s-  ^ 

a**  i i 

OJ  ^ 

CVJ  <0  C\J 

< 

Cl 

o o 

CVI 

— 

cvj  rr 

<T 3 

OJ 

o 

h— 

« 

u 

4-> 

c 

u- 

OJ 

O 

__ 

in 

~~ 

i-  4J 

ai 

3 C 

*— 4 O lO  *-4 

CD 

-3  f- 

^4  ^ 

s o 

U 

3 3. 

o 

Z 

<4- 

<TJ 

+J 

"3 

• 

<T3 

<a 

C CJ  c 

CJ 

*o 

o o 

o 

VI 

J= 

4J  S 4-> 

>> 

4-> 

^ L rtj  ^3 

€ 

3 

— cj  cj  — 

s 

•r*  **~  ••» 

O 

a.  4J  3.  o. 

E O O S 

c 

o V*  i-  O 

CJ 

CJ  — 3 CJ 

w 

<4- 

3 

v> 

3 

CJ 

3 

LJ  4-> 

i. 

CL 

M-  C 

3 

>» 

CJ  CJ 

O 

w 

>T3  LJ 

VO 

ro 

CL  C 
*3  O >» 

4-> 

CJ  CJ  CJ  Q- 

• 

■■a 

E O 

' o 

3 4J4J  L 

ro 

— (T3  ^ 4-> 

DJ 

O CJ  CJ  C 
> r Z CJ 

«a 

h- 

<a 

VO  f** 

m o*'  c» 

CD  <o  — ' ^ 
P**^  CT> 

o ^ * * 

r-  >>  CJ 

oj 

» CJ  ■*— 

CJ 

• 

L. 

to  CJ  — O 

3 

i-  c;  gc 

O 

CJ  »—  i-i 

VO 

a CJ  T3 

r 

O C *3 

“3  <a 

T3  C >, 

c pq  n -a 

<T3  +->  3 

' i-  'O  CD 

CJ  CJ  S-  3 

“o  "cj  5 5 

| Z 3 C.  Z 

*o 

CJ 


oj 

iSi 


L.  t- 
O <T3 


OJ 
CJ  -o 


S O 


0) 

*4-  4-> 

O 

0 

L.  +-> 

o 

f-  s- 

L.  CJ 
CJ  *4- 

01 

*3  CC 

u 

<T3 

*3  • 

c <u 

<T3  CD 
4-»  <T3 
VI  S- 
CJ 

a > 

CD  «3 
rt3 

U OJ 
a jz 
> w 
rts 

+-» 
• 3 

“3  o 

a jz 

4-j  <a 


oj 

VI  c 
0J  o 


Q-4J 

a>  <ts 
u •»- 
> 

VI  CJ 


a; 

'a 


3 CD 
C •»- 
m 
*3  I 
a>  —« 


n cj 
3 Z> 


■a  tc 
+->  c 

H3 

CJ 


T3 

> 


341 


rV^OO-^NO^N.23 

-O.^r'*^*to*"«'*r-*c033CM 

— ^nr>c«rM^c  x co 
353335332^3 


^ “D 

330 

c — * 

m 

3 

3 

<r 

CM 

O 

CTO  CM 

X CO 

3 

CM 

0 

^ «r 

Co  Co 

— 

3 

fto 

«T 

-O 

• 

— 2 

^ — 

to*  3 

*— 

3 

3 CM 

CM 

• -3 

■—4 

-4 

-4  -H 

-H 

-*g 

to* 

♦1 

co  — 

3 4* 

3 

3 

co 

3 

to* 

co 

CO 

<r 

co  eg 

•^r 

CO 

3 

CO 

to* 

M -3 

CO  tr 

co  3 

3 

3 

3 

3 1-*- 

■*» 

CO  CO 

O — 

rsj 

CVJ 

to* 

■^r 

__ 

31  X 

*o 

3 3 

• 3 

3 

«-* 

to* 

3 

3 

1 

1 1 

1 

1 

3 

0 

X 

to 

• 

3 

• 

3 

3 

3 

3 — - 

— * 

• O 

• 

vO  32 

— * 

O 

— O X 

■*» 

3 

rc 

70 

1 

r 3 

1 • 

1 

1 

l 

3 

3 

0 

1»  — ' 

3 

cm  . 

3 — 

O 3 

3 

• 

• 

3 

j; 

-to 

to 

• 

. O 

• 

• 

• 

• 

3 

3 

0. 

r** 

O 

•-* 

3 

3 

X 

cm 

—* 

O 

O 

3 

—> 

< 

CO 

70 

>> 

cm 

3 

'C 

C 

*3  3 

*— 

c 

r— 

22  1- 

co 

ro  -o 

-0  co 

CO 

-O 

** 

2; 

— 

= 

*M 

CM  Xi 

-n 

3 

CO 

CM 

0 

•to 

3 

* 

w 

XI 

<y  — 

•O  3 

Cg  3 

2 

** 

3 

3 

-3  — 

CO 

CO 

L— < 

u 

to 

4~i 

- ^ 

• 

1 1 

1 1 

• 

1 

1 

3 

•«y 

CO 

c 

u — 

-3 

Xi  -0 

-n  -o 

3 

3 

rr 

3 

3 

O 

to- 

'- 

a 

r** 

NJ  1-0 

ro 

CM 

Co 

3 

to* 

•-* 

-to 

< 

O 

3 

— 

«r 

-*  «-« 

3 

3 

3 

3 

3 

1 

3 

— 

** 

T3 

X 

C-2 

-O 

c 

O 

CO 

70 

L. 

i. 

u 0. 

'to 

i- 

co 

3 

CM 

O -V 

C_ 

— a. 

a a 

a 

to* 

** 

** 

i* 

g- 

•to 

< 

0 

rsj 

o — • 

«T  — 

m 

•"«■» 

3 

3 

*- 

O 3 

CM 

+ 

Z 2- 

3 

-3 

*7 

< 

1—1 

•to 

C3 

“3 

«o 

3 

to* 

to— 

00 

3 

— 

70 

■3 

3 

n 

TO 

3 

CO 

O 

-*- 

r— 0 

'>- 

— 

St 

'St 

co 

1) 

c 

3 

0 . 

3 

u-< 

~~~ 

-mi 

y» 

— > 70 

70 

-to 

3 

CM 

'>J 

-3 

3 

*3  3 

c 

3 

to 

—* 

O 

i- 

«-> 

'to  -7 

CM 

3 

— 

“3 

“3 

3 “3 

“5 

to 

CO 

to 

a 0. 

'— 

< 

C 

•to 

3 

C_ 

a -3 

C3 

CM 

3 

3 

.c 

< 

< a 

a 

to— 

CM 

•7 

•~i 

c_ 

a 

CO 

to* 

3 

< 

3 < 

< 

0 

< 

** 

u 

CM 

co 

3 

3 

3 3 

3 

** 

-o 

S) 

'to 

70 

* 

< 

71 

St 

C 

St  c 

3 

3 

3 

V 

St 

Cl  70 

70 

*7 

a 

3 

St 

'to  70 

70 

•to 

3 

a ci 

3 

XI 

m 

.—i 

3 

0. 

to 

to> 

3 

3 

= 

— 

= a 

C- 

to 

*j 

—7 

3 

-3 

22 

3 

0 

■to 

•to 

Cl  = 

s 

3 

— 

3 

to 

c 

*c 

"3  3 

c 

•to 

'O 

3 

3 

Cl 

O 

to- 

-to 

— 

** 

•— 

-D 

2 

•—  -0 

= 3 

•to 

3 

-to 

3 

3 

x 

~o 

^3 

1 

3 3 

1 3 

3 

3 

u 

3 

3 

3 

cm 

O 

-0 

3 = 

3 = 

3 

— 

3 

cz 

2*2 

CM 

CO 

co 

X 

a 1 

1 

— 

3 

to  ’St 

70 

70 

7) 

70 

3 

30 

3 

r«* 

■— 

3 

0 

a -3 

O -3 

to 

O 

to 

3 

CM 

0 

-3 

a 

X) 

32  'J 

TO  3 

~ 

iO 

3 

**- 

— 

*— 

-to 

-to 

-3 

< 

3 

3 

*— 

3 

C3 

CM 

CM 

3 

CO 

< 

< 

«** 

a 

CM 

CM 

-3 

• 

r— ! 

O 

'O 

3 

3 

3 

L. 

3 

3 

« 

to 

•“O 

CO 

CO 

to* 

to 

to* 

*— 

3 

1—1 

f“^ 

-x  *=r 

3 

•** 

'70 

3 

3 

---.  — . 

3 

— v 

•*»» 

• 

• 

70 

—> 

*7 

Co  Co 

CO 

— 

Co 

*-_ 

O 

-— - 

•to 

-to  -* 

Co 

to* 

-3 

to* 

c 

O 

jC 

to* 

CO 

** 

*7 

• * 

* 

'3 

• 

>0 

to 

0 

*g  X 

3 * 

■g 

rg 

rs 

0 

>- 

CM 

C 

O 

0 

— 3 

3 

3 

to- 

— 

ro 

CO  0 

O 

c 

3 

-a 

—4 

a > 

— * “ 

O 

-z 

"■3 

*7 

CO 

1.* 

U-to 

3 

3 3 

O 

c 

* 

3 

— 

x 

X 

3 

• 

3 — 

• -7 

3 

-3 

3 

C3 

3 

x 

to 

St 

-*  3 

70  W 

-ai 

w 

-a; 

•70 

CM 

CM 

CM 

c 

>% 

01  H 

>*  O 

3 

3 

-to- 

«* 

•to 

-to 

O 

"3 

■3 

3 0 

to 

2r 

-3 

< 

3 

3 

S'. 

— 3 

3 3 

“ 

3 

r— 

CM 

CM 

-j 

70  'to! 

< 

< 

to 

C3 

C3 

c 

O .M 

a 

'3 

-7 

3 2_ 

-T 

'3 

to- 

1 • 

*7 

J 

5 

3 x 

< 

< 

< 

3 

3 

3 

C 

0 

3 a 

0 

a 

= c 

< 

< 

342 


Ca^Al^i>iO(>(UII)^|.b1ccluil  ite]  - Ca^AI^SlO^tgehlenUe]  ♦ ll^Olg] 

2 taAl  .SiJ) J anorlhitej  j Cd.,Al.,SiO  .[yehlenlte]  + Al  „0. [corundum  j + 3 SiOJcristobal  ite,  beta] 


1.5.5.20.  Ca2  A1  gSi  30^  g ( 0 H)  2 » prehnite  (formula  weight  = 

412.388  g/mol) 

Tables  236  and  237  contain  the  sources  of  data  used  to  evaluate 
the  properties  of  prehnite.  The  smoothed,  composition-corrected  heat 
capacities  of  Perkins  and  others  (1980)  were  used  in  the  evaluation. 

Only  the  study  by  Liou  (1971)  on  the  equilibria  among  anorthite, 
wol  1 astoni te , prehnite,  and  H20[gas]  had  a slope  that  was  consistent 
with  the  entropy  and  molar  volume.  All  other  studies  were  therefore 
di scarded . 


1.5.5.21.  Ca2Al 3Si 30^2(0H) , zoisite  (formula  weight  = 

454.361  g/mol ) 

Tables  238  and  239  contain  the  sources  of  data  used  in  the  final 
evaluation.  All  other  data,  though  cited  in  the  reference  list,  were 
deleted  prior  to  the  final  evaluation.  The  smoothed,  composition- 
corrected  heat  capacities  measured  by  Perkins  and  others  (1980)  were 
used  for  the  final  evaluation. 

The  thermochemical  data  are  in  good  agreement.  The  apparently 
discordant  study  by  Strens  (1968)  on  table  239  is  due  to  the  wide 
temperature  bracket  for  the  phase  equilibrium  reversal  of  about  53 
kelvins.  The  refined  properties  lie  within  the  reversal  bracket  at 
2 kb  and  are  consistent  with  it. 

1.5.5.22.  Ca2Si04  (formula  weight  = 172.243  g/mol) 

Tables  240  through  245  contain  the  data  used  in  the  final  evalua- 
tion for  the  Ca2Si04  polymorphs  Ca  olivine,  bredigite,  larnite,  and 
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a high-temperature  phase  often  referred  to  as  al pha-Ca2Si O4 . The 
inversion  temperatures  are  as  follows: 


Ca  olivine  = bredigite 

1120  K 

bredigite  = al  pha-Ca2Si O4 

1710  K 

larnite  = bredigite 

970  K 

The  stability  relations  are  best  shown  by  the  Gibbs  energy  - 
temperature  plot  (figure  8)  where  it  is  readily  recognized  that  larnite 
is  metastable  at  1.01  bars  at  all  temperatures  between  200  and  1800  K. 

1.5.5.22.1.  Al  pha-Ca2Si04 

For  al  pha-Ca2Si O4 , the  thermochemical  properties  were  derived  from 
the  thermophysical  properties,  the  inversion  temperatures , and  the 
phase  equilibria  with  the  other  polymorphs. 

1.5.5.22.2.  Bredigite 

For  bredigite,  the  thermochemical  properties  were  derived  from  the 
thermophysical  properties,  the  inversion  temperatures,  and  the  phase 
equilibria  with  the  other  polymorphs,  and  with  rankinite  and  hatrurite. 

1 .5.5.22.3.  Ca  ol ivi ne 

For  Ca  olivine,  the  thermochemical  properties  were  derived  from 
the  thermophysical  properties,  the  inversion  temperatures,  and  the 
phase  equilibria  for  the  other  polymorphs. 

1.5.5.22.4.  Larnite 

For  larnite,  the  thermochemical  properties  were  derived  from  the 
thermophysi cal  properties,  the  inversion  temperatures,  the  phase 
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Figure  8.  Gibbs  energy  difference  of  phases  indicated  relative  to 

bredigite  at  1.01  bars.  Ca  olivine  is  the  stable  phase  up 
to  1120  K.  Bredigite  is  stable  between  1120  and  1710  K . 
Above  1710,  al  pha-Ca2Si O4  is  stable.  Larnite  is  more  stable 
than  bredigite  below  970  K but  less  stable  than  Ca  olivine. 
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GIBBS  ENERGY  DIFFERENCE 
(kJ/mol) 


TEMPERATURE  (K) 


equilibria  with  other  calcium  silicates,  and  solution  calorimetry. 
Concerning  the  latter  data.  King  (1951)  measured  the  heat  of  solution 
of  larnite  in  IF  acid.  These  data  were  combined  with  the  heats  of 
solution  of  quartz  (Bennington  and  others,  1978)  and  of  2 moles  of 
lime  (Barany,  1963)  to  get  the  heat  of  reaction  B V on  table  245.  In 
making  the  combination  of  data,  the  stoichiometry  of  the  reactions 
were  observed  so  that  the  final  solutions  were  equivalent. 

1.5.5.23.  CapAl  pSi  pOi  p , grossular  (formula  weight  = 

450.452  g/mol ) 

The  properties  of  grossular  were  derived  from  the  data  cited  in 
tables  246  and  247.  Other  data,  though  cited  in  the  reference  list, 
were  deleted  prior  to  the  final  evaluation. 

The  thermochemical  data  are  in  good  agreement.  Though  there  is 
scatter  in  the  enthalpies  of  formation  from  the  elements  (table  247, 
column  8),  such  scatter  is  to  be  expected  because  grossular  has  a 
large  formula. 

1.5.5.24.  Ca3Si05,  hatrurite  (formula  weight  = 

228.323  g/mol) 

Tables  248  and  249  contain  the  data  used  in  the  final  evaluation. 
The  heat-capacity  and  heat-content  data  are  too  widely  spaced  to  eval- 
uate the  properties  of  the  individual  polymorphs.  The  tabulated  data 
in  tables  86,  87,  and  174,  therefore,  represent  the  average  properties 
of  all  the  polymorphs. 

The  heat  of  solution  of  hatrurite  relative  to  a mechanical  mixture 
of  larnite  and  lime  is  in  excellent  agreement  with  the  heat  content 
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data  for  the  three  phases  and  the  breakdown  temperature  of  1523  ± 25  K 
observed  by  Carlson  (1931).  The  departure  is  0.35  kelvins  for  a cal- 
culated breakdown  temperature  of  1523.5  K. 

1.5.5.25.  Ca3Si  207  , rankinite  (formula  weight  = 

288.407  g/mol ) 

Tables  250  and  251  contain  the  data  used  in  the  final  evaluation. 
It  should  be  pointed  out  that  the  data  used  for  adjusting  the  thermo- 
chemical properties  of  rankinite  are  limited  to  e.m.f.  studies.  How- 
ever, other  data  provided  by  this  source  for  larnite,  bredigite,  and 
wollastonite  are  in  good  agreement  with  data  from  other  sources.  It  is 
assumed  that  these  data  are  also  of  high  quality. 

1.5.5.26.  Ca4Al  gSi  5024(003) , meionite  (formula  weight  = 

931.717  g/mol) 

Tables  252  and  253  containthe  sources  of  data  for  the  evaluation 
of  properties  of  meionite.  The  errors  on  the  property  tables  reflect 
the  lack  of  detailed  experimental  data  that  are  necessary  to  provide  a 
more  accurate  evaluation.  Especially  needed  are  data  on  the  entropy 
and  heat  capacity. 

1.5.5.27.  Fe,  iron  (formula  weight  = 55.847  g/mol) 

The  thermodynami c properties  of  iron  were  taken  from  the  JANAF 
Thermochemical  Tables3.  The  molar  volume  was  not  needed  in  this  study 
and  therefore  not  evaluated. 

aJANAF  Thermochemical  Tables,  looseleaf  pages  for  1978  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 
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1.5.5.28.  Fe#9470»  wustite  (formula  weight  = 68.887  g/mol ) 


Tables  254  and  255  contain  the  sources  of  data  used  to  evaluate 
the  properties  of  wustite.  All  other  data,  though  cited  in  the 
reference  list,  were  deleted  prior  to  the  final  evaluation. 

The  two  composite  sets  of  data  for  wustite-iron  and  wustite- 
magnetite  equilibria  were  developed  from  the  compositions  of  wustite 
that  coexisted  with  iron  or  magnetite,  respectively,  as  measured  by 
Darken  and  Gurry  (1945)  and  from  the  log  f (O2 )-composi ti on  experiments 
of  Vallet  and  Raccah  (1965),  Bransky  and  Hed  (1968),  and  Lohberg  and 
Stannek  (1975). 

The  breakdown  temperature  determined  by  Rau  (1972)  by  H2/H2O  gas 
equilibria  is  843  ± 10  K.  Birks  (1966)  determined  the  temperature  to 
be  838  ± 10  K by  measuring  the  potential  difference  between  the 
wustite-iron  and  the  wusti te-magnetite  buffers.  These  are  in  excellent 
agreement  with  the  other  experiments.  The  final  calculated  breakdown 
temperature  is  840.2  K. 

During  the  evaluation,  the  log  f (02)-composi tion  data  were  used  to 
derive  the  properties  of  the  defect  phase  with  an  iron/oxygen  ration  of 
0.947.  Because  the  properties  of  the  hypothetical  end-member  "FeO" 
remain  unevaluated,  only  the  thermochemical  data  for  formation  from  the 
elements  are  tabulated. 

1.5.5.29.  FeSi03,  ferrosilite  (formula  weight  = 131.931  g/mol) 

Tables  256  and  257  contain  the  sources  of  data  used  in  the  final 
evaluation  of  the  properties  of  ferrosilite.  Other  sources,  though 
cited  in  the  reference  list,  were  deleted  in  preliminary  evaluations. 
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The  heat  capacity  of  ferrosilites  was  estimated  using  the  method 
described  in  section  1.3.2,  above.  The  thermochemical  properties  of 
ferrosilite  were  constrained  to  fit  the  tightly  reversed  equilibria 
between  ferrosilite,  fayalite,  and  quartz  (Bohlen  and  others,  1980). 
These  experiments  were  supported  by  the  borate-salt  solution  calor- 
imetry . 

1.5.5.30.  Fe203,  hematite  (formula  weight  = 159.692  g/mol ) 


Tables  258  and  259  contain  the  sources  of  experimental  data  used 
to  constrain  the  final  evaluation.  Below  1000  K the  heat  capacity 
experiments  of  Gr0nvold  and  Westrum  (1959)  and  Gr0nvold  and  Samuelson 
(1975)  constrained  the  heat  capacity  and  heat  content  of  hematite.  The 
drop  calorimetry  of  Coughlin  and  others  (1951)  were  used  to  contrain 
the  evaluation  above  1000  K. 

The  thermochemical  data  available  in  the  chemical  system  Fe-0  are 
all  studies  on  the  equilibrium  between  magnetite  and  hematite  at  con- 
trolled oxygen  fugacities.  At  the  temperature  of  the  experiments,  the 
magnetite  phase  has  a significant  solid  solution.  Activity  corrections 
were  made  using  the  formula  of  Salmon  (1961): 


a 


M 

Fe304 


M 


F e304 


0.25  N 


M 

Fe203 


+ N 


M 

Fe304 


where  the  chemical  formula  denotes  the  chemical  component  and  the 
superscript  M denotes  the  phase  magnetite.  This  relationship  is  in 
agreement  (±  0.01)  with  the  experimental  measurements  of  Darken  and 
Gurry  (1946). 
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Darken  and  Gurry  (1946),  Salmon  (1961),  and  Komarov  and  others 
(1967)  have  shown  that  the  solid  solution  of  Fe304  in  hematite  is  minor 
and  can  be  neglected. 

Rau  (1972)  studied  the  equilibria  between  hematite  and  magnetite 
at  1.01  bars  between  767  and  840  K using  the  gas  equilibria  between  H2 
and  H2O  to  control  the  chemical  activity  of  oxygen.  The  mixture  of 
magnetite  + hematite  was  synthesized  from  an  alpha-FeOOH  precipitate  by 
hydrogen  reduction  near  600  K.  The  magnetite  in  the  mixture  probably 
contained  a significant  Fe203  component  and  was  metastable.  The 
departure  of  these  data  from  the  refinement  is  consistent  with  such  a 
hypothesi s . 

1.5.5.31.  Fe2Si04,  fayalite  (formula  weight  = 203.777  g/mol ) 

Tables  260  and  261  contain  the  sources  of  data  used  in  the  final 
evaluation  of  the  properties  of  fayalite.  Other  data,  though  cited  in 
the  reference  list,  were  deleted  in  preliminary  evaluations. 

The  thermochemical  data  of  Hewitt  (1978)  and  of  Meyer  (1981, 
unpub.)  constrain  the  properties  of  fayalite.  The  experimental 
investigations  on  the  equilibria  between  fayalite,  iron,  oxygen  (con- 
trolled by  CO/CO2  or  H2/H2O  gas  equilibria)  and  an  undefined  polymorph 
in  the  S i O2  system  were  given  minor  weighting  because  of  the  lack  of 
positive  identification  of  the  S i O2  polymorph  present  during  the 
experiment.  Where  used,  the  analyses  were  completed  assuming  that 
beta  cristobal ite  was  the  phase  present.  This  was  chosen  because  of 
the  high  temperature  and  because  it  readily  forms.  It  is  recognized 
that  some  interpretations  of  the  data  on  the  stability  of  the  S i O2 
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polymorphs  would  make  tridymite  the  stable  phase  under  the  experimental 
envi ronment . 

1.5.5.32.  Fe304,  magnetite  (formula  weight  = 231.539  g/mol ) 

The  sources  of  data  used  in  the  final  evaluation  are  given  on 
tables  262  and  263.  Other  data,  though  cited  in  the  reference  list, 
were  deleted  prior  to  the  final  evaluation. 

The  heat  capacity  at  temperatures  below  1000  K were  dependent 
primarily  on  the  experimentally  measured  heat  capacities  by  Westrum 
and  Gr0nvold  (1965)  and  by  Grtfnvold  and  Sveen  (1974).  The  drop 
calorimetry  of  Coughlin  and  others  (1951)  were  so  weighted  as  to  con- 
strain the  fit  above  1000  K only.  The  thermochemical  properties 
observed  over  the  range  583  to  1731  K are  consistent  with  Sfl  = zero. 

No  allowance  of  an  additional  contribution  due  to  disorder  of  any  type 
is  needed.  With  the  exception  of  the  relatively  inaccurate  data  of 
Norton  (1955),  the  final  solution  of  the  properties  is  consistent  with 
the  tabulated  sources. 

1.5.5.33.  H2 , hydrogen  (ideal  gas,  formula  weight  = 2.016  g/mol) 

The  properties  of  the  ideal  diatomic  gas  were  taken  from  the 
JANAF  Thermochemical  Tables3.  The  volumetric  properties  were  not 
needed  in  this  study  and  therefore  not  evaluated. 

aJANAF  Thermochemical  Tables,  looseleaf  pages  for  1977  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 
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Table  263.  Sources  of  thermochemical  data  for  magnetite,  Fe^O 
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3 Fe  ^yOCwustlte]  + 0.394  0,,[y]  = 0.947  Fe-jO^magnetite] 

Fe^O.[maynetite]  + 1.6  SiO^fquartz,  beta]  + ll^Lg]  = 1.5  Fe^SiO^fayul  ite]  + H-,0[g] 
2 Fe  ,0. [magnet ite]  + 3 SiU^[(|uartz,  beta]  = 3 Fe^SiOJfayal ite]  + 0^[g] 


1.5.5.34.  H2O,  water  and  the  ideal  and  real  gases 
(formula  weight  = 18.0152  g/mol ) 


The  entropy  and  Gibbs  energy  of  formation  at  298.15  K were  taken 
from  the  CODATA  Task  Group  (1978).  The  other  properties  for  the  ideal 
gas  and  for  water  and  the  real  gas  were  taken  from  the  work  of  Haar  and 
others  (1979,  1981). 

1.5.5.35.  H4Si04,  silicic  acid  (formula  weight  = 96.115  g/mol) 

Hemley  and  others  (1977a,  1980)  measured  the  silica  concentration 
in  the  aqueous  fluid  coexisting  with  quartz  at  1 and  2 kb.  From  these 
data  we  obtained  the  following  expression  for  the  "Gibbs  energy"  for 
the  reaction  Si  02(quartz  ,T ,1 .01b)  + H?0(gas  ,T,1 ,01b)  = ItySi  04(aqueous  , 


In  the  above  equation,  T is  the  absolute  temperature  in  kelvins  and 
the  constants  a-j  j are  as  follows: 


A[Pj]  = - 4fi+  4 a2j  ^ (T  - T In  T)  - a4>j  T 


(i  ,j=l  kb) 


(i  ,j  = 2 kb) 


4 


3 


1 


2 


2.62154x10s 
5.48272xl03 
-1.04134x102 
9.79088x  102 


2.62154x105 
4.97309xl03 
-1  .04134x102 
9.39015xl02 
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i 


(i  ,j=l  kb) 


(i  ,j=2  kb) 
-1.97113x105 


6 


7 


5 


-2.28273x105 

-3.69344x10-2 

8.93770xl0-6 


-3.69344x10-2 

8.93770x10-5 


In  deriving  this  relation,  it  is  assumed  that  the  activity  coef- 
ficient of  the  silicic  acid  species  is  constant  in  the  dilute  aqueous 
solutions  and  can  be  neglected. 

In  the  experiments  in  the  magnesia-silica-water  system  (Hemley 
and  others,  1977a)  and  in  the  alumina-silica-water  system  (Hemley  and 
others,  1980),  the  concentrations  of  aqueous  silicic  acid  coexisting 
with  mineral  pairs  were  measured  at  1 and  2 kb.  These  data  were 
evaluated  by  using  the  above  relations  for  the  formation  of  aqueous 
silicic  acid  from  1-atm  quartz  and  1-atm  HgOCg ] • 

1.5.5.36.  Mg,  magnesium  (formula  weight  = 24.305  g/mol ) 

The  properties  of  magnesium  polymorphs  were  taken  from  the  com- 
pilation of  Hultgren  and  others  (1973).  The  volumetric  properties 
were  not  needed  in  this  study  and  were  not  evaluated. 

1.5.5.37.  MgC03,  magnesite  (formula  weight  = 84.314  g/mol) 

Tables  264  and  265  contain  the  sources  of  data  used  in  the  final 
evaluation.  There  exists  a large  body  of  information  in  which  the  gas 
phase  contained  both  H20[g]  and  C02[g].  Those  data  could  not  be  used 
to  identify  the  properties  of  magnesite  and  the  magnesium  silicates 
better  because  the  mixing  properties  of  the  two  gaseous  species  would 
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only  introduce  larger  uncertainties.  The  accepted  data  are  in  good 
agreement . 

1.5.5.38.  MgO,  periclase  (formula  weight  = 40.304  g/mol ) 

The  thermodynamic  properties  for  periclase  were  taken  from  the 
JANAF  Thermochemical  Tables3.  The  volumetric  properties  were  evaluated 
from  the  sources  cited  on  table  266. 

1.5.5.39.  Mg(0H)2»  brucite  (formula  weight  = 58.320  g/mol) 

The  tables  267  and  268  contain  the  sources  of  data  used  in  this 
evaluation.  Other  data,  though  cited  in  the  reference  list,  were 
deleted  prior  to  the  final  evaluation. 

1.5.5.40.  MgSiOq,  cl i noenstati te  , enstatite,  and  protoenstati te 
(formula  weight  = 100.389  g/mol) 

The  sources  of  data  used  to  evaluate  the  properties  of  the  pyroxene 
polymorphs  cl i noenstati te , enstatite,  and  protoenstati te  are  contained 
in  tables  269  through  274.  Other  data,  though  cited  in  the  reference 
list,  were  deleted  prior  to  the  final  evaluation. 

The  fitted  inversions  at  1.01  bars  are  as  follows: 

Equi 1 i bri um  Temperature 

cl inoenstatite  = enstatite  968.5  K 

enstatite  = protoenstati te  1257.4  K 

The  phase  equilibria  cited  on  tables  270,  272  and  274  are  very 
consistent  with  the  final  results  of  the  evaluation. 

aJANAF  Thermochemical  Tables,  looseleaf  pages  for  1978  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 
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Table  Z/Z.  Sources  of  Ihermochemical  data  for  enstatlte,  MySiO 
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1.5.5.41.  Mg2Si  O4 , forsterite  (formula  weight  = 140.693  g/mol ) 


The  sources  of  data  used  in  the  final  evaluation  are  contained  on 
tables  275  and  276.  Other  data  listed  in  the  reference  list  were 
deleted  prior  to  the  final  evaluation.  The  data  used  are  in  satis- 
factory agreement. 

1.5.5.42.  Mg3Si  205(0H)4 , chrysotile  (formula  weight  = 

277.112  g/mol) 

Tables  277  and  278  contain  the  sources  of  data  used  to  evaluate 
the  properties  of  the  serpentine  mineral  , chrysotile.  On  table  278 
the  enthalpy  of  formation  from  the  elements  appears  to  be  incorrect, 
that  is,  more  negative  than  any  of  the  "averages"  shown.  The  final 
solution  was  assymetrical ly  to  one  side  of  the  measured  brackets.  The 
weighted  solution  is  consistent  with  the  experimental  data. 

1.5.5.43.  Mg3Si  40iq(0H)2  , talc  (formula  weight  = 379.266  g/mol) 

Tables  279  and  280  contain  the  sources  of  data  used  in  the  final 
evaluation.  All  other  data,  though  cited  in  the  reference  list,  were 
dropped  prior  to  the  final  fitting. 

1.5.5.44.  Mg7Si  3O22  ( 0 H)  2 » anthophyl  1 i te  (formula  weight  = 

780.820  g/mol ) 

Tables  281  and  282  contain  the  sources  of  data  used  in  the  evalua- 
tion. All  other  data,  though  cited  in  the  reference  list,  were  deleted 
prior  to  the  final  evaluation.  The  collected  data  are  in  good  internal 
agreement . 
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Table  280.  Sources  of  thermochemical  data  for  talc,  Mg~Si 
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Mij.bii  u (oil ) Ldntliophy 1 1 itej  = / MySIU  JenstatlteJ  + SiU^Lqudrtz]  + HyU[ijj 


1.5.5.45.  Mg48Sl  34°35(0H)62  > antigorite  (formula  weight  = 

4535.949  g/mol ) 

Tables  283  and  284  contain  the  sources  of  data  used  in  the  final 
evaluation.  Other  data  that  were  considered  but  not  used  are  given  in 
the  reference  list.  The  thermochemical  data,  cited  in  table  284, 
appear  to  be  inconsistent.  However,  when  the  size  of  the  chemical 
formula  for  one  mole  is  considered,  the  two  sets  are  acceptably  con- 
si  stent . 


1.5.5.46.  O2 , oxygen  (ideal  gas,  formula  weight  = 

31  .999  g/mol) 

The  properties  of  the  diatomic  ideal  gas  were  taken  from  the 
JANAF  Thermochemical  Tables3.  The  volumetric  properties  of  the  real 
gas  were  not  needed  and  were  not  evaluated. 

1.5.5.47.  Si,  silicon  (formula  weight  = 28.086  g/mol) 

The  properties  of  silicon  were  taken  from  the  compilation  of 
Hultgren  and  others  (1973).  The  volumetric  properties  were  not  needed 
and,  therefore,  were  not  evaluated. 

1.5.5.48.  Si  O2  (formula  weight  = 60.084  g/mol) 

The  data  evaluated  in  this  study  required  a knowledge  of  two  poly- 
morphs of  Si 0 2 : quartz  and  cri stobal i te . 

aJANAF  Thermochemical  Tables,  loose!  eaf  pages  for  1977  issued  by  Dow 
Chemical  Company,  1707  Building,  Midland,  Michigan. 
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1.5.5.48.1.  Quartz 


The  thermodynamic  properties  of  quartz  were  taken  from  the  com- 
pilation of  Robie  and  others  (1978)  after  adjustment  to  1.01  bars. 

The  sources  for  the  volumetric  data  are  given  in  table  285.  In 
addition,  the  volumetric  data  were  constrained  to  conform  to  the  alpha- 
beta  transition  for  quartz.  Table  286  contains  the  sources  for  the 
experimental  data  on  the  transition.  The  data  are  in  good  agreement. 

1.5.5.48.2.  Cristobalite 

The  thermodynamic  data  for  cristobalite  were  taken  from  the  JANAF 
Thermochemical  Tables  (Stull  and  Prophet,  1971).  The  volumetric  data 
are  cited  by  source  on  table  287. 

1.5.5.49.  Constants 

Tables  288  and  289  contain  the  constants  for  the  energy-  and 
volume-related  functions  as  given  in  section  1.5.3.  The  range  is 
given  in  parentheses  after  the  formula  and  name  (if  applicable).  The 
precision  of  the  functions  is  given  on  Tables  12  through  145. 
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Tab  1 e 208.  Constants  for  energy-related  functions  in  section  1.5.3. 
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1 .6 . Symbol s and  Units 


The  following  symbols  were  used  in  the  text,  tables,  and  data 
summari es . 


Symbol 

Uni  ts 

Meani ng 

CP 

J/(mol • K) 

standard  molar  heat  capacity 

cp,i 

J/(mol • K) 

standard  molar  heat  capacity 
of  mineral  structural  com- 
ponent i 

E 

vol  ts 

standard  electrochemical 
potential  in  volts 

G 

J/mol 

standard  molar  Gibbs  energy 

[G(T)-H(Tr)]/T 

J/(mol*  K) 

Gibbs  energy  function 

Gt,e 

J/mol 

standard  molar  Gibbs  energy  of 
formation  from  the  elements 

Gf,ox 

J/mol 

standard  molar  Gibbs  energy  of 
formation  from  the  oxides 

H 

J/mol 

standard  molar  enthalpy 

H(T)-H(298), 
H(T)-H(Tr), 
or  Hj-Hj 

r 

J/mol 

relative  standard  molar  enthalpy, 
base  is  H°  at  (Tr  298.15  K), 
101.325  kPa 

H?  .T-Hf  ,Tr 

J/mol 

relative  standard  molar  enthalpy 
of  mineral  structural  compo- 
nent i , base  is  H°  at  (Tr 
298.15  K) , 101  .325  kPa 

H?,e 

J/mol 

standard  molar  enthalpy  of  forma- 
tion from  the  elements 

,ox 

J/mol 

standard  molar  enthalpy  of  forma- 
tion from  the  oxides 

H°r 

J 

standard  enthalpy  of  reaction 

log  K^e 

log^g  t,1e  standard  equilibrium 

constant  for  formation  from  the 
el  ements 
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Symbol 

Units 

Meani ng 

^°9  Kt,ox 

logic  of  the  standard  equi- 
librium constant  for  forma- 
tion from  the  oxides 

P 

Pa 

absolute  pressure  in  pascals 

Pr 

Pa 

reference  pressure  (101.325 
pascal  s) 

S 

J/(mol  • K) 

standard  molar  entropy 

s? 

J/(mol  • K) 

standard  molar  entropy  of 
mineral  structural  component  i 

T 

K 

absolute  temperature  in  kelvins 

Tr 

K 

reference  temperature,  absolute 
seal e , equal s 298.15  K 

V 

cmS/mol 

standard  molar  volume 

Fundamental  constants  used  in  this  evaluation  are  given  in  section  1.7. 


Where  possible,  the  data  have  been  corrected  to  the  International 
Practical  Temperature  Scale  of  1968  (Comite  International  des  Poids  et 
Measures,  1969).  For  most  phase  equilibria,  however,  this  was  not 
possible  because  the  necessary  temperature  calibration  data  were  not 
supplied  by  the  authors. 

The  "formula  weights"  have  been  calculated  to  be  consistent  with 
the  1975  relative  atomic  masses  for  the  elements  (Commission  on  Atomic 
Weights  , 1976) . 
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1.7.  Fundamental  Constants,  Defined  Constants,  and  Conversion 


Factors  from 

Non-SI  Units 

to  SI  Units 

Name 

Symbol 

Value  and  units 

Fundamental  constants 

Avagadro  constant 

N 

6.022094xl023  mol*1 

Faraday  constant 

96  ,487.0  J/(volts*mi 

Gas  constant 

R 

8.3143  J/(mol -K) 

Absolute  temperature  of 

the  "ice  point,"  0°C 

273.15  K 

Defined  units 

Standard  atmosphere 

atm 

101.325  kPa 

Standard  bar 

b 

100.000  kPa 

Thermochemical  calorie 

cal 

4.1840  J 

Conversion  factors  from  non-SI 
units  to  SI  units 


0°C 

= 273.15  K 

l A 

= 10-10m 

1 bar 

= 105  Pa 

1 atm 

= 101325  Pa 

1 cal 

= 4.184  J 

1 g cm-3 

= 1 x 103  Kg  m 
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2.1.  INTRODUCTION 

The  mechanical  properties  of  basalt  presented  here  represent  a 
compilation  of  the  data  available  with  a view  toward  its  application  in  the 
design  of  a nuclear  waste  disposal  depository  in  hard  rock. 

A knowledge  of  material  behavior  under  applied  forces  is  essential.  This 
information  falls  under  the  category  of  mechanical  properties.  Whereas  the 
properties  of  most  structural  materials  such  as  steel,  wood,  or  concrete  are 
fairly  uniform  and  easily  predictable,  those  of  rock  are  not.  Rock 
composition  is  highly  variable  even  over  short  distances  and  is  susceptible  to 
chemical  change  under  the  influences  of  weathering  or  chemical  environment. 
For  these  reasons  rocks  can  rarely  be  termed  homogeneous.  For  these  and 
structural  reasons,  e.g.,  the  development  of  layering  and  the  occurrence  of 
jointing,  isotropism  is  also  difficult  to  claim. 

To  overcome  these  difficulties  large  scale  field  tests  are  resorted  to, 
since  an  aggregate  of  these  effects  tends  to  stabilize  any  generalizations 
made  about  a rock  mass.  Unfortunately,  large  scale  tests  are  expensive  and, 
hence,  rare.  The  only  alternative  in  many  cases  has  been  to  conduct  small 
scale  laboratory  tests.  The  drawback  of  laboratory  tests  such  as  these  is 
that  they  are  conducted  on  small,  relatively  uniform  samples  which  lack  the 
aggregate  properties  of  the  rock  mass. 

Testing  can  be  divided  generally  into  static  and  dynamic  categories. 
Both  these  basic  categories  provide  similar  information  albeit  using  different 
methods.  Elastic  properties  are  the  properties  which  are  the  most  commonly 
measured  because  the  theory  of  elasticity  is  one  of  the  most  widely  used  tools 
in  rock  mechanics.  Although  some  of  the  assumptions  of  elasticity  are  often 
violated  to  some  extent,  e.g.,  homogeneity  and  isotropism,  it  is  possible 
these  violations  may  not  be  considered  sufficiently  extreme  enough  to 
invalidate  the  elastic  assumption.  In  other  instances  the  theory  of 
elasticity  may  be  the  only  tool  available  in  a given  design  situation  and  so 
it  is  utilized  just  to  obtain  an  estimate  of  the  solution. 

Commonly  used  elastic  parameters  are  the  elastic  constants,  modulus  of 
elasticity  (Young's  modulus),  modulus  of  rigidity  (Shear  modulus),  bulk 
modulus,  and  Poisson's  ratio.  Density  is  intimately  related  to  these 
parameters  and  so  it  is  considered  too.  These  parameters  can  be  obtained 
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statically  or  dynamically.  Dynamic  determinations  are  experimentally  simpler 
since  they  can  be  determined  using  wave  velocities.  Additionally,  the 
parameters  are  all  related  to  one  another  which  also  simplifies  experimental 
work  (this  is  providing  once  more  that  elastic  assumptions  hold  true) . 

Mechanics  of  materials  considerations  dictate  the  most  common  strength 
measures,  i.e.,  compressive  strength,  tensile  strength,  and  shear  strength. 
These  measures  are  common  to  nearly  all  structural  analyses  and  little  needs 
to  be  said  about  their  use.  Since  these  tests  are  generally  accomplished  at 
low  strain  rates,  these  tests  are  regarded  as  static  determinations. 

Time  dependent  behavior  of  rock  is  represented  by  creep  which  is 
stress-strain  behavior  over  an  extended  period  of  time  under  constant  load. 
This  is  important  input  for  the  design  of  structures  which  are  meant  to  retain 
their  structural  integrity  over  very  long  periods  of  time,  i.e.,  hundreds  or 
even  thousands  of  years.  This  is  especially  important  to  structures  that  are 
to  be  subjected  to  higher  than  normal  temperatures  for  extended  periods. 
Nuclear  waste  depositories  have  both  of  these  characteristics:  long  life 

spans  and  abnormal  temperatures. 

Hardness  dictates  the  relative  ease  with  which  a rock  can  be  excavated 
with  a mechanical  excavator,  such  as  a tunnel  boring  machine.  This  is 
important  from  a designer's  viewpoint  in  order  to  enable  the  feasibility  of 
construction  to  be  asssessed. 

Porosity  and  permeability  are  significant  concerns.  These  parameters 
indicate  the  ability  of  a rock  to  support  fluid  flow.  The  degree  of  fluid 
flow  is  directly  related  to  the  amount  of  pollution  which  might  be  expected  in 
any  given  situation.  Furthermore,  the  amount  of  fluid  flow  is  an  indication 
of  the  efficacy  of  a nuclear  waste  depository  design.  Such  a depository 
should  be  as  impermeable  as  is  possible  to  prevent  contamination  of  the 
surrounding  rock  mass  and  groundwater. 
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2.2.  DENSITY 

This  property  is  defined  as  the  mass  per  unit  volume.  The  volume, 
however,  varied  depending  on  what  phase  of  the  naturally  occurring  rock  is 
considered.  The  solid  phase  obviously  has  a different  volume  than  the  solid 
phase  + gas  phase,  for  example.  If  one  takes  into  account  the  three  possible 
phases  that  coexist  in  natural  rock,  i.e.,  solid,  liquid,  and  gas,  it  becomes 
apparent  that  several  definitions  of  density  are  possible  and,  in  fact,  do 
exist.  These  are  divided  into  'true,'  'apparent,'  and  'bulk'  determinations. 

'True'  determinations  take  into  account  the  volume  of  only  the  solid 
phase  of  the  rock  with  respect  to  the  mass  of  the  rock. 

'Apparent'  determinations  use  the  dry  (solid+gas)  mass  of  a unit  volume 
of  solids. 

'Bulk'  determinations  use  the  prevailing  conditions  ( solid+liquid+gas)  of 
the  rock  to  determine  the  mass  of  a unit  volume  of  rock. 

'Specific  gravity'  is,  for  practical  purposes,  a relative  density  with 
respect  to  water. 

'Grain  density,'  as  the  name  implies,  is  a density  determination  in  which 
the  mass  of  the  grains  of  the  rock  and  the  volume  of  these  grains  are 
utilized. 

A problem  with  published  literature  at  present  is  that  most  often  the 
type  of  density  is  not  stated  - the  value  is  merely  quoted.  Generally,  it 
appears  wise  to  presume  that  densities  given  are  'apparent'  values.  The  same 
applied  to  specific  gravities. 

The  various  densities  can  be  obtained  using  the  'pycnometric , ' 
'buoyancy,'  or  'direct  measurement'  techniques.  In  the  case  of  the  first  two, 
both  use  pycnometers  and  are  applications  of  Archemedes  principle.  Of  these 
methods,  the  'buoyancy'  method  is  the  most  accurate. 

In  general,  densities  of  rocks  are  a function  of  many  variable  factors. 
The  inhomogeneity  of  chemical  composition  and  physical  structure,  even  between 
samples  of  the  same  rock  type,  make  a 'universal'  density  of  a given  rock  type 
impossible  to  obtain.  The  degree  of  vesiculation,  proportions  of  and  types  of 
minerals,  porosity,  degree  of  saturation,  and  type  and  amount  of  trapped 
fluids  all  give  rise  to  the  observed  variance  in  density  determinations. 
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The  densities  of  various  types  of  basalt  from  various  locations  are 
presented  in  the  'Remarks’  column  of  Tables  2.1,  2.2,  and  2.3.  Since  density 
is  a volume  dependent  property,  a plot  of  volumetric  strain  versus  confining 
pressure  for  Nevada  Test  Site  (NTS)  basalt  from  ref.  [1]  is  presented  in 
Figure  2.1.  The  basalt  sample  was  jacketed  in  lead  to  simulate  hydrostatic 
compression  while  undergoing  compression.  Tests  were  accomplished  using  a 
high  pressure  die  and  sample  assembly.  Numerous  corrections  were  necessary  to 
obtain  compression  values,  e.g.,  contraction  of  pistons,  stretching  of  the 
die.  In  order  to  calibrate  the  die  apparatus,  gold  was  used  as  a standard. 
Data  were  taken  using  a pressure  range  up  to  4.66  Pa  at  a temperature  of 
298  K.  As  is  expected,  the  strain  decreases  with  decreasing  confining 
pressure.  The  results  obtained  were  in  good  agreement  with  dynamic  values 
previously  obtained  by  Lombard  [2] . 

2.3.  ELASTIC  PROPERTIES  - STATIC  AND  DYNAMIC 


The  elastic  properties  considered  here  are: 

Young's  modulus  (secant  and/or  tangent) 

Bulk  modulus 
Shear  modulus 
Poisson's  ratio 

Compressibility  (the  reciprocal  of  the  bulk  modulus) 
Wave  velocities 

Formulae  for  elastic  properties  are  given  below: 

Young's  Modulus  E = 2G(l+v) 

= 3K(l-2v) 

= 9KG 
(3K+G) 

E 


Shear  Modulus 


G = 


2(l+v) 

= 3EK 
(9K-E) 

= 3K(l-2v) 
2(l+v) 


K = 


3 ( l-2v) 


Bulk  Modulus 
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FIGURE  2.1.  VARIATION  OF  VOLUMETRIC  STRAIN  WITH  CONFINING  PRESSURE  FOR  BASALT  [1]. 
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= EG 
3 (3G— E) 

= 2G(l+v) 

3 (l-2v) 

E-2G 

Poisson's  Ratio  p = 

= 3K-E 
6E 

= (3K-2G) 

2 (3K+G) 

The  determination  of  the  above  properties  can  be  static  (with  the  exception  of 
wave  velocities)  or  dynamic,  and  made  either  in  laboratory  or  in-situ. 
Overall,  in  both  in-situ  and  laboratory  tests  it  is  important  to  be  able  to 
measure  load  stresses  and  deformation  accurately  and  be  able  to  minimize  or 
remove  factors  which  lead  to  erroneous  or  distorted  values. 


Dynamically  obtained  elastic  constants  tend  to  be  higher  than  those 
obtained  statically;  however,  they  are  of  importance  when  one  needs  to  know 
the  behavior  of  rock  subjected  to  shock  loading. 

Basically,  elastic  constants  measured  by  static  methods  are  indicative  of 

-3 

large  strains,  e.g.,  10  , which  occur  in  mining.  Dynamic  methods  investigate 

lower  strains  of  the  order  of  10  Static  methods  give  rise  to  larger 

scatter  of  results,  while  dynamic  methods  give  rise  to  less. 

Static  Constants 

In-situ  values  are  generally  obtained  by  one  of  the  following  methods; 

Plate  bearing  tests 
Pressure  tunnel  tests 
Borehole  tests 

These  are  all  'large  scale'  tests  and  are  expensive  to  perform.  The  specifics 
of  such  tests  vary  depending  on  the  conditions  encountered. 

Laboratory  values  are  obtained  by  several  methods.  Some  of  the  commonly 
used  methods  are  given  below.  It  is  important  to  note  that  if  any  two 
constants  are  known,  the  other  two  can  be  easily  calculated. 

Simple  Direct  Compression  or  Tension  Test:  Young's  modulus  and  Poisson's 

ratio  are  possible  to  determine  from  tests  on  prismatic  specimens  loaded 
in  compression  or  tension. 
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Bending  Tests:  Young's  modulus  can  be  determined  using  3 or  4 point  loading 

of  a beam. 

Brazilian  Test:  Poisson's  ratio  and  Young's  modulus  can  be  obtained  by 

measuring  the  strains  at  the  center  of  a loaded  disk  in  both  vertical  and 
horizontal  directions. 

Triaiial  Test:  Solid  and  hollow  specimens  can  be  loaded  triaxially  and 

deformations  can  be  measured.  These  stresses  and  deformations  can  then 
be  utilized  to  find  Young's  modulus. 

All  the  elastic  constants  are  related  to  one  another  provided  one  assumes 
a perfectly  elastic,  isotropic,  homogeneous  material.  Rock  seldom  fulfills 
these  conditions;  however,  in  certain  instances,  it  may  be  close  enough  to 
allow  approximate  fulfillment  of  these  assumptions. 

Moduli  in  tension  and  compression  are  not  the  same  and  may  vary  from  1 to 
10  times  or  more.  Variations  of  moduli  with  stress  are  due  to  changes 
occurring  in  the  structure  of  rocks  during  loading  and  unloading.  Comparison 
of  in-situ  and  laboratory  values  indicate  a good  deal  of  difference  in  many 
cases,  and  this  discrepancy  is  a function  of  discontinuities  present  in  the 
in-situ  condition. 

Dynamic  Constants 

These  constants  are  calculated  from  elastic  wave  velocities  and  density. 
In-situ  seismic  reflection  or  refraction  can  be  used  with  refraction  being  the 
more  popular.  Laboratory  values  are  determined  using  either  the  ultrasonic  or 
resonance  techniques. 

For  the  purposes  of  this  work,  two  kinds  of  waves  are  considered;  namely: 
P or  compressional  waves  and  S or  shear  waves.  Both  of  these  are  body  waves, 
i.e.,  transmitted  through  (rather  than  along  the  surface)  the  body. 
Compressional  waves  cause  longitudinal  particle  oscillation,  while  shear  waves 
cause  transverse  oscillation. 

In  the  case  of  the  laboratory  methods  mentioned,  the  basic  difference 
between  the  two  is  the  frequency  at  which  the  velocities  are  determined.  The 
excitation  frequency,  however,  has  been  shown  to  have  no  effect  on  the  wave 
velocities,  but  a significant  effect  on  the  calculation  of  Poisson's  ratio. 

Wave  velocities,  like  other  properties,  are  affected  by  various  factors. 
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Briefly,  these  factors  are: 

1)  Rock  type 

2)  Texture  (grain  size  is  important) 

3)  Density  (density  and  average  atomic  weight  dictate  velocity  of 
longitudinal  waves) 

4)  Porosity  (velocity  decreases  with  increasing  porosity) 

5)  Anisotropy  (velocity  parallel  to  layers  greater  than  velocity 
perpendicular  to  layers) 

6)  Water  content  (generally  water  saturation  increases  velocity  in  hard 
rocks) 

7)  Temperature  (velocity  of  longitudinal  waves  decreases  with  increase  in 
temperature) 

2.3.1.  Modulus  of  Elasticity 

Values  for  the  modulus  of  elasticity  of  basalt  are  given  in  Table  2.1. 

2.3.2.  Modulus  of  Rigidity 

Table  2.1  contains  modulus  of  rigidity  values  for  basalt. 

2.3.3.  Poisson's  Ratio 

Poisson's  ratio  values  for  basalt  are  given  in  Table  2.1. 

2.3.4.  Bulk  Modulus 

Figures  2.2  through  2.6  show  the  variation  of  bulk  modulus  with  confining 
pressure  for  saturated  basalt  core  samples  obtained  from  Deep  Sea  Drilling 
Project  (DSDP)  Legs  16,  19,  34,  35,  and  39,  respectively.  It  should  be  noted 
that  these  curves  have  been  smoothed.  The  data  corresponding  to  these  curves 
are  given  in  Table  2.2. 

Bulk  modulus  values  in  a few  cases  were  calculated  from  velocity 
measurements  made  at  room  temperature  on  water  saturated  core  samples.  The 
pulse  transmission  technique  was  employed  to  obtain  the  velocities. 

i 

The  velocity  values  obtained  for  Leg  16  (Fig.  2.2)  were  uncorrected  for 
length  changes  at  elevated  temperatures,  which  lower  the  1000  MPa  confining 
pressure  velocities  and  raise  the  bulk  density  very  slightly.  Sample  163-29-4 
(67-74  cm)  is  a massive  fresh  basalt,  while  sample  155-11-1  (143-150  cm)  is  an 
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TABLE  2.1.  ROOM-TEMPERATURE  MODULUS  OF  ELASTICITY , MODULUS  OF  RIGIDITY  AND  POISSON'S  RATIO  OF  BASALT 


Data  Confining  Modulus  of  Modulus  of  Poisson's 

Set  i.afa  C • Pe  Pressure,  Elasticity,  Rigidity,  Ratio,  Remarks 

No.  & Location  p (Mpa)  E (GPa)  G (GPa)  u 


Ref. 

No. 


Andesite  Basalt  - 

1 

Bakuriani 
Georgia,  USSR 

21.86 

23.54 

0.24 

3 

Olivine  Basalt  - 

2 

Eniwetok, 

Atoll 

68.5 

0.20 

Density  2.86  g cm  3. 

4 

3 

Eniwetok, 

Atoll 

67.36 

0.19 

Perpendicular  secant  modulus; 
stress  194  MPa. 

4 

4 

Eniwetok, 

Atoll 

69.29 

0.18 

Perpendicular  secant  modulus; 
stress  0 MPa. 

4 

5 

Genbudo, 

Japan 

55.0 

5 

6 

Nevada  Test 
Site  (NTS) 

57.0 

0.23 

6 

Basalts  - 

7 

Black, 

Canyon  Dam,  ID 

32.41 

Density  2.62  g cm-3. 

7 

8 

Blairden,  CA 

773 

58.80 

Differential  stress  588  MPa;  secant 
modulus . 

8 

9 

Blairden,  CA 

773 

47.00 

Differential  stress  960  MPa;  secant 
modulus . 

8 

10 

Blairden,  CA 

773 

27.60 

Differencial  stress  1380  MPa;  secant 
modulus . 

8 

11 

Blairden,  CA 

778 

61.70 

Differential  stress  617  MPa;  secant 
modulus . 

8 

12 

Blairden,  CA 

773 

20.40 

Differential  stress  1020  MPa;  secant 
modulus. 

8 

13 

Blairden,  CA 

778 

10.30 

Differential  stress  1030  MPa;  secant 
modulus . 

8 

14 

Barini  Dam, 
Brazil 

21.8-46.4 

8.3-21.1 

0.31-10 

Density  2.97  g cm-3. 

9 

15 

Bara  Bonita 
Dam,  Brazil 

29.0-60.6 

10.7-23.2 

0.31-0.35 

Density  2.91  g cm-3. 

.9 

16 

Bara  Bonita 
Dam,  3razil 

57.2-62.2 

0.19 

Compact;  porosity  1.4%;  density 
2.829  cm-3. 

10 

17 

3ara  3onita 
Dam,  Brazil 

61.0 

0.19 

10 

18 

Brooklyn  Vic., 
Australia 

22.8 

11 

19 

Brooklyn  Vic., 
Australia 

23.5 

11 

20 

Brooklyn  Vic., 
Australia 

15.9 

11 

21 

Champion  Mine,  MI 

61 

27 

Density  2.85  g cm  3. 

12 

22 

Champion  Mine,  MI 

85 

34 

Density  2.97  g cm-3. 

12 

23 

Champ ion  Mine , MI 

70.0 

30.0 

Density  2.91  g cm-3. 

12 

24 

Cochoeira  Dam, 
Brazil 

76.5-100.3 

33.7-41.5 

0.14-0.21 

Density  2.94  g cm-3. 

9 

25 

Dresser,  WI 

86.10 

Homeblende  biocite. 

14 

26 

Dresser,  WI 

100.7 

0.24 

Density  2.97  g cm-3. 

8 

27 

Dresser,  WI 

100.7 

0.25 

Density  2.9  g cm-3. 

15 
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TABLE  2.1.  ROOM-TEMPERATURE  MODULUS  OF  ELASTICITY,  MODULUS  OF  RIGIDITY  AND  POISSON'S  RATIO  OF  3 AS ALT  (continued) 


Data 

Set 

No. 

Basalt  Type 
& Location 

Confining 
Pressure, 
P (MPa) 

Modulus  of 
Elasticity, 
E (GPa) 

Modulus  of 
Rigidity, 

G (GPa) 

Poisson's 

Ratio, 

U 

Remarks 

Ref. 
No . 

Basalts  (cont.)- 

28 

Guadalupe  Drill 
Site  (EMT) 

2.06 

48.5 

0.384 

Density  2.82  g cm-3. 

16 

29 

Green  Peters 
Dam 

35.0 

0.21 

Amygdaloidal  porosity  or  phyritic; 
density  2.58  g cm-3. 

17 

30 

Howard  Prairie 
Dam,  OR 

0-7 

63 

0.25 

Density  2.74  g cm-3. 

12 

31 

Howard  Prairie 
Dam,  OR 

0-35 

61 

0.22 

Density  2.74  g cm-3. 

12 

32 

Howard  Prairie 
Dam,  OR 

0.10 

76.4 

31.5 

0.22 

Density  2.82  g cm-3. 

18 

33 

Howard  Prairie 
Dam,  OR 

100 

82.5 

33.0 

0.25 

Density  2.82  g cm  3. 

18 

34 

Howard  Prairie 
Dam,  OR 

28.27 

0.25 

Stress  6.98  MPa. 

19 

35 

Howard  Prairie 
Dam,  OR 

31.72 

0.24 

Stress  20.7  MPa. 

19 

36 

Howard  Prairie 
Dam,  OR 

35.85 

0.22 

Stress  41.4  MPa. 

19 

37 

Howard  Prairie 
Dam,  OR 

61.8 

0.23 

Density  2.73  g cm-3. 

20 

38 

Ibitinga  Dam, 
Brazil 

10.7-30.6 

3.8-11.7 

0. 

.31-0.41 

Density  2.79  g cm-3. 

9 

39 

John  Day 

83.8 

0.27 

At  50%  of  failure. 

21 

40 

Jupia  Dam, 
Brazil 

73.0 

0.21 

Density  3.0  g cm-3. 

10 

41 

Jupia  Dam, 
Brazil 

69.9-74.4 

0.21 

Compact;  porosity  2.1%;  density 
2.92  g cm-3. 

10 

42 

Jupia  Dam, 
Brazil 

24.1-66.2 

10.5-30.4 

0, 

.14-0.04 

Density  2.77  g cm-3. 

9 

43 

Jurimirim  Dam, 
Brazil 

56.7-43.6 

0.16 

Porosity  4.2%;  density 
2.52  g cm-3. 

10 

44 

Jurimirim  Dam, 
Brazil 

42.8 

0.16 

Density  2.7  g cm-3. 

10 

45 

Koyna  Dam, 
India 

36.20 

0.13 

Altered  vesicular;  density 
2.54  g cm- 3 . 

7 

46 

Little  Goose 

77.5 

0.27 

At  50%  of  failure. 

21 

47 

Lower  Granite 

50.2 

0.24 

At  50%  of  failure. 

21 

48 

Medford,  OR 

0-41.6 

60 

0.22 

Density  2.72  g cm-3. 

22 

49 

Medford,  OR 

0-41.6 

Density  2.74  g cm-3. 

22 

50 

Melhurb  Quarry, 
Brazil 

39.3 

Porosity  11.6%;  density 
2.44  g cm- 3 . 

10 

51 

Michigan 

96 

38 

0.281 

Altered;  density  2.85  g cm-3. 

22 

52 

Michigan 

41 

18 

0.09 

Altered  amygdaloidal;  density 
2.70  g cm  3. 

22 

53 

Michigan 

60.0 

0.15 

Heavily  altered  amygdaloidal; 
density  2.80  g cm”3. 

22 

54 

Michigan 

46.19 

0.16 

Amygdaloidal  heavily  altered; 

23 

secant  modulus;  stress  0 MPa 
(perpendicular) . 
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TABLE  2.1.  ROOM- TEMPERATURE  MODULUS  OF  ELASTICITY,  MODULUS  OF  RIGIDITY  AND  POISSON’S  RATIO  OF  BASALT  (continued) 


Data 

Set 

No. 


Basalt  Type 
& Location 


Confining  Modulus  of  Modulus  of  Poission's 

Pressure,  Elasticity,  Rigidity,  Ratio,  Remarks 

P (MPa)  E (GPa)  G (GPa)  v 


Ref. 
No . 


Basalts  (cont.)  - 


55 

Michigan 

46.88 

0.20 

Same  as  above  except  stress 
59.6  MPa  (perpendicular). 

23 

56 

Michigan 

42.75 

0.26 

Same  as  above  except  stress 
119  MPa  (perpendicular) . 

23 

57 

Michigan 

59.98 

Same  as  above  except  stress 
0 MPa  (perpendicular) . 

23 

58 

Michigan 

57.23 

0.15 

Same  as  above  except  stress 
172  MPa  (perpendicular) . 

23 

59 

Michigan 

55.16 

0.16 

Same  as  above  except  stress 
342  MPa  (perpendicular). 

23 

60 

Mussa  Quarry, 
Brazil 

41.6-44.9 

0.19 

Porosity  2.50%;  density 
2.50  g cm” 3 . 

10 

61 

Mussa  Quarry, 
Brazil 

44.0 

0.19 

Density  2.68  g cm-3. 

10 

62 

Nevada  Test 
Site  (NTS) 

29.5 

0.37' 

24 

63 

Nevada  Test 
Site  (NTS) 

57.0 

6 

64 

Nevada  Test 
Site  (NTS) 

33.9 

0.32 

At  50%  of  failure;  density 
2.83  g cm  3. 

25 

65 

Ostrich, 

Germany 

10-90 

11.2 

26 

66 

South  Coulee 
Dam,  UA 

1.115 

Stress  10-90  MPa. 

26 

67 

South  Coulee 
Dam,  WA 

50.50 

0.18 

Density  2.81  g cm*3. 

7 

68 

South  Coulee 
Dam,  WA 

59.29 

0.21 

Vesicular;  density  2.62  g cm-3. 

7 

69 

South  Coulee 
Dam,  WA 

38.61 

0.13 

Density  2.58  g cm  3. 

7 

70 

South  Coulee 
Dam,  WA 

42.06 

0.19 

Vesicular;  density  2.47  g cm*3. 

7 

71 

Washington 

59.29 

0.21 

Highly  vesicular. 

7 

72 

Xavantes  Dam, 
Brazil 

24.0-51.8 

11.2-23.1 

0.07-0.12 

Density  2.44  g cm  3. 

9 

73 

Xavantes  Dam, 
Brazil 

44.8-66.19 

Density  2.72  g cm  3. 

27 

74 

Xavantes  Dam, 

28.48 

Density  2.91  g cm  3. 

28 

Brazil 


DSDP  Leg  16; 

40 

93.0 

36.0 

0.28 

Deep  Sea  Drilling  Project  (DSDP) 

155-11-1, 

100 

95.0 

37.0 

0.28 

Leg  16;  plagioclase  45%, 

143-150  cm. 

200 

96.0 

37.0 

0.28 

pyroxene  40%,  olivine  4%,  opaque 

600 

98.0 

38.0 

0.28 

and  others  11%;  value  calculated 

1000 

99.0 

38.0 

0.29 

from  mean  velocities  and  densi- 

ties and  for  water  saturated 

samples;  density  2.448  g cm  3 . 

DSDP  Leg  16; 

40 

10.0 

27.0 

0.35 

Same  as  above  except  plagioclase 

163-29-4, 

100 

11.0 

28.0 

0.35 

58%,  pyroxene  9%,  opaques  and 

67-74  cm. 

200 

11.0 

29.0 

0.35 

other  33%;  density  2.935  g cm  3. 

600 

12.0 

32.0 

0.35 

1000 

12.0 

32.0 

0.36 

76 


29 


13 


TABLE  2.1.  ROOM- TEMPERATURE  MODULUS  OF  ELASTICITY,  MODULUS  OF  RIGIDITY  AND  POISSON'S  RATIO  OF  BASALT  (continued) 


Data 

Set 

No. 


Basalt  Type 
A Location 


Confining  Modulus  of  Modulus  of  Poisson's 

Pressure,  Elasticity,  Rigidity,  Ratio, 

P (MPa)  E (GPa)  G (GPa)  y 


Remarks 


Ref . 
No. 


Basalts  (cont.)  - 


77 

DSDP  Leg  19; 

40 

72.0 

27.0 

0.33 

Density  2.84  g cm-3;  values  cal- 

30 

19-183-39-1, 

100 

74.0 

28.0 

0.33 

culated  from  mean  velocities  and 

148-150  cm. 

200 

76.0 

29.0 

0.33 

densities  corrected  for  dimen- 

600 

80.0 

30.0 

0.33 

sions  . 

1000 

81.0 

31.0 

0.33 

78 

DSDP  Leg  19; 

40 

66.0 

25.0 

0.29 

Same  as  above  except  density 

30 

19-191-16-1, 

100 

67.0 

26.0 

0.29 

2.794  g cm-3. 

21-25  cm. 

200 

68.0 

26.0 

0.29 

600 

70.0 

27.0 

0.29 

1000 

71.0 

27.0 

0.30 

79 

DSDP  Leg  19; 

40 

41.0 

16.0 

0.32 

Same  as  above  except  density 

30 

19-191-16-1, 

100 

43.0 

16.0 

0.33 

2.563  g cm  3. 

21-25  cm. 

200 

45.0 

17.0 

0.33 

600 

50.0 

19.0 

0.33 

1000 

52.0 

20.0 

0.34 

80 

DSDP  Leg  34; 

40 

83.0 

32.0 

0.29 

Leg  34  of  Deep  Sea  Drilling  Pro- 

31 

319A-1-1, 

100 

85.0 

33.0 

0.29 

ject  (DSDP);  Nazca  plate;values 

32-35  cm. 

200 

87.0 

34.0 

0.29 

calculated  from  measured  densi- 

600 

91.0 

35.0 

0.29 

ties  and  velocities;  density 
2.915  g cm-3. 

81 

DSDP  Leg  34; 

40 

76.0 

29.0 

0.30 

Same  as  above  except  density 

31 

319A-2-3, 

100 

80.0 

30.0 

0.29 

2.864  g cm  3. 

46-48  cm. 

200 

80.0 

31.0 

0.29 

600 

84.0 

32.0 

0.30 

82 

DSDP  Leg  34; 

40 

82.0 

32.0 

0.29 

Same  as  above  except  density 

31 

319A-3-2, 

100 

85.0 

33.0 

0.29 

2.923  g cm-3. 

114-117  cm. 

200 

87.0 

34.0 

0.29 

600 

91.0 

35.0 

0.30 

83 

DSDP  Leg  34; 

40 

86.0 

33.0 

0.29 

Same  as  above  except  density 

31 

319A-3-4, 

100 

87.0 

34.0 

0.29 

2.939  g cm-3. 

85-88  cm. 

200 

89.0 

34.0 

0.30 

600 

92.0 

35.0 

0.30 

84 

DSDP  Leg  34; 

40 

82.0 

32.0 

0.28 

Same  as  above  except  density 

31 

3 19  A- 4-1, 

100 

83.0 

32.0 

0.29 

2.911  g cm"3. 

137-140  cm. 

200 

85.0 

33.0 

0.29 

600 

87.0 

34.0 

0.30 

85 

DSDP  Leg  34; 

40 

92.0 

36.0 

0.28 

Same  as  above  except  density 

31 

319  A-  5-1, 

100 

93.0 

36.0 

0.28 

2.948  g cm  3. 

80-83  cm. 

200 

94.0 

36.0 

0.28 

600 

95.0 

37.0 

0.29 

86 

DSDP  Leg  34; 

40 

81.0 

31.0 

0.30 

Same  as  above  except  density 

31 

319A-6-1, 

100 

83.0 

32.0 

0.29 

2.882  g cm"3. 

145-148  cm. 

200 

84.0 

32.0 

0.29 

600 

85.0 

33.0 

0.30 

87 

DSDP  Leg  34; 

40 

78.0 

30.0 

0.29 

Same  as  above  except  density 

31 

319  A- 7-1, 

100 

79.0 

31.0 

0.29 

2.851  g cm"3. 

65-68  cm. 

200 

30.0 

31.0 

0.29 

600 

83.0 

32.0 

0.29 

88 

DSDP  Leg  34; 

40 

82.0 

32.0 

0.30 

Same  as  above  except  density 

31 

319A-13-1, 

100 

85.0 

33.0 

0.30 

2.920  g cm"3. 

52-55  cm. 

200 

38.0 

34.0 

0.29 

600 

91.0 

35.0 

0.30 

89 

DSDP  Leg  34; 

40 

58.0 

22.0 

0.29 

Same  as  above  except  density 

31 

320B-3-1, 

100 

59.0 

23.0 

0.29 

2.725  g cm"3. 

64-67  cm. 

200 

60.0 

23.0 

0.29 

600 

64.0 

25.0 

0.30 
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TABLE  2.1.  ROOM-TEMPERATURE  MODULUS  OF  ELASTICITY,  MODULUS  OF  RIGIDITY  AND  POISSON'S  RATIO  OF  BASALT  (continued) 


Daca 

Set 

No. 


Basalt  Type 
& Location 


Confining  Modulus  of  Modulus  of  Poisson's 
Pressure,  Elasticity,  Rigidity,  Ratio, 

P (MPa)  E (GPa)  G (GPa)  u 


Remarks 


Ref. 

No. 


Basalts  (cont.)  - 


90 

DSDP  Leg  34; 

40 

68.0 

26.0 

0.30 

Same  as  above  except  density 

31 

320B-4-1, 

100 

71.0 

27.0 

0.30 

2.837  g cm"3. 

144-147  cm. 

200 

74.0 

28.0 

0.30 

600 

78.0 

30.0 

0.31 

91 

DSDP  Leg  34; 

40 

78.0 

30.0 

0.29 

Same  as  above  except  density 

31 

320B.5.CC 

100 

80.0 

31.0 

0.29 

2.832  g cm"3. 

200 

83.0 

32.0 

0.28 

600 

87.0 

34.0 

0.27 

92 

DSDP  Leg  34; 

40 

59.0 

23.0 

0.29 

Same  as  above  except  density 

31 

321-13-4, 

100 

62.0 

24.0 

0.29 

2.822  g cm"3. 

104-107  cm. 

200 

64.0 

25.0 

0.29 

600 

68.0 

26.0 

0.30 

93 

DSDP  Leg  34; 

40 

81.0 

32.0 

0.29 

Same  as  above  except  density 

31 

321-14-1, 

100 

83.0 

32.0 

0.28 

2 . 900  g cm” 3 . 

76-79  cm. 

200 

85.0 

33.0 

0.28 

600 

89.0 

35.0 

0.28 

94 

DSDP  Leg  34; 

40 

73.0 

28.0 

0.29 

Same  as  above  except  density 

31 

321-14-4, 

100 

75.0 

29.0 

0.29 

2.915  g cm"3. 

51-54  cm. 

200 

77.0 

30.0 

0.28 

600 

82.0 

32.0 

0.28 

95 

DSDP  Leg  39; 

40 

65.0 

25.0 

0.29 

Leg  39  of  Deep  Sea  Drilling  Pro- 

32 

354-19-3, 

100 

66.0 

26.0 

0.29 

ject  (DSDP);  values  calculated 

131-134  cm. 

200 

67.0 

26.0 

0.29 

from  velocities  and  densities 

600 

69.0 

27.0 

0.30 

corrected  for  dimension  changes 

and  for  water  saturated  samples; 
density  2.733  g cm-3. 


96 


97 


98 


99 


100 


101 


102 


DSDP  Leg  39; 

40 

68.0 

26.0 

0.29 

Same  as 

354-19-5, 

100 

69.0 

26.0 

0.29 

2.753 

93-96  cm. 

200 

69.0 

26.0 

0.29 

600 

71.0 

27.0 

0.30 

DSDP  Leg  39; 

40 

65.0 

25.0 

0.32 

Same  as 

355-21-1, 

100 

65.0 

25.0 

0.32 

2.808 

147-150  cm. 

200 

66.0 

25.0 

0.32 

600 

69.0 

27.0 

0.31 

DSDP  Leg  39; 

40 

75.0 

28.0 

0.32 

Same  as 

355-22-1, 

100 

76.0 

29.0 

0.31 

2.884 

57-60  cm. 

200 

77.0 

29.0 

0.31 

600 

81.0 

31.0 

0.31 

DSDP  Leg  39; 

40 

75.0 

29.0 

0.28 

Same  as 

355-22-2, 

100 

76.0 

30.0 

0.28 

2.838 

44-47  cm. 

200 

78.0 

30.0 

0.29 

600 

79.0 

30.0 

0.30 

DSDP  Leg  39; 

40 

62.0 

24.0 

0.29 

Same  as 

355-22-4, 

100 

63.0 

24.0 

0.30 

2.757 

69-72  cm. 

200 

63.0 

24.0 

0.30 

600 

66.0 

26.0 

0.30 

DSDP  Leg  39; 

40 

68.0 

27.0 

0.28 

Same  as 

355-22-5, 

100 

69.0 

27.0 

0.28 

2.798 

119-122  cm. 

200 

70.0 

27.0 

0.28 

600 

73.0 

28.0 

0.29 

DSDP  Leg  39; 

40 

26.0 

10.0 

0.36 

Same  as 

359-4-2, 

100 

28.0 

10.0 

0.35 

2.258 

80-83  cm. 

200 

29.0 

11.0 

0.35 

600 

31.0 

11.0 

0.35 

DSDP  Leg  39; 

40 

27.0 

10.0 

0.35 

Same  as 

359-4-3, 

100 

29.0 

11.0 

0.35 

2.308 

143-146  cm. 

200 

30.0 

11.0 

0.35 

600 

32.0 

12.0 

0.36 

above  except  density 
g cm-3. 


above  except  density 
g cm-3. 


above  except  density 
g cm-3. 


above  except  density 
g cm-3. 


above  except  density 
g cm  3. 


above  except  density 
g cm-3. 


above  except  density 
g cm  3. 


above  except  density 
g cm*3. 


32 


32 


32 


32 


32 


32 


32 


103 


32 
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TABLE  2.1.  ROOM- TEMPERATURE  MODULUS  OF  ELASTICITY,  MODULUS  OF  RIGIDITY  AND  POISSON’S  RATIO  OF  BASALT  (continued) 


Data 

Set 

No. 


Basalt  Type 
& Location 


Confining  Modulus  of  Modulus  of  Poisson's 
Pressure,  Elasticity,  Rigidity,  Ratio, 

P (MPa)  E (GPa)  G (GPa)  u 


Remarks 


Ref . 
No. 


Basalts  (cont.)  - 


104 

DSDP  Leg  39; 

40 

40.0 

15.0 

0.35 

Same  as  above  except  density 

32 

359-5-1, 

100 

41.0 

15.0 

0.35 

2 . 449  g cm-  3 . 

26-29  cm. 

200 

42.0 

16.0 

0.34 

600 

43.0 

16.0 

0.35 

105 

DSDP  Leg  35; 

40 

63.0 

24.0 

0.29 

Deep  Sea  Drilling  Project  (DSDP); 

33 

322-12-1, 

100 

64.0 

25.0 

0.29 

values  calculated  from  measured 

Piece  7 

200 

65.0 

25.0 

0.29 

densities  and  velocities  and  for 

600 

68.0 

26.0 

0.30 

water  saturated  samples;  density 
2.73  g cm  3. 

106 

DSDP  Leg  35; 

40 

45.0 

17.0 

0.30 

Same  as  above  except  density 

33 

322-13-2, 

100 

46.0 

18.0 

0.30 

2.553  g cm"3. 

56-62  cm. 

200 

48.0 

19.0 

0.30 

600 

51.0 

20.0 

0.30 

107 

DSDP  Leg  35; 

40 

58.0 

22.0 

0.31 

Same  as  above  except  density 

33 

323-18-6, 

100 

59.0 

23.0 

0.31 

2.727  g cm-3. 

110-120  cm. 

200 

61.0 

23.0 

0.31 

600 

33.0 

24.0 

0.31 

108 

DSDP  Leg  35; 

40 

59.0 

23.0 

0.29 

Same  as  above  except  density 

33 

323-20,  CC, 

100 

60.0 

23.0 

0.29 

2.723  g cm"3. 

104-114  cm. 

200 

61.0 

24.0 

0.29 

600 

63.0 

24.0 

0.30 

16 
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FIGURE  2.2.  BULK  MODULUS  OF  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  16  [29]. 


17 


altered  vesicular  basalt.  The  increase  in  bulk  modulus  with  confining  pressure 
is  as  expected. 

Leg  19  (Fig.  2.3)  values  were  obtained  essentially  in  the  same  manner  as 
previously  described.  It  is  noteworthy,  however,  that  the  general  rapid 
increase  in  velocities  up  to  200  MPa  confining  pressure  is  due  to  the  closure 
of  cracks  in  the  specimen.  This  obviously,  therefore,  will  affect  the 
variation  of  the  modulus  with  increasing  confining  pressure.  Again,  the 
modulus  behavior  with  respect  to  pressure  is  predictable. 

Leg  34  (Fig.  2.4)  varies  in  age  and  degree  of  alteration.  In  general, 
however,  these  basalts  are  young  (less  than  40  million  years  old)  and  are 
commonly  fine-  to  medium-grained  with  a minor  amount  of  alteration.  The  bulk 
moduli  obtained  are  somewhat  higher  than  those  obtained  on  older  basalts  which 
can  be  explained  when  alteration  of  the  rock  due  to  weathering  with  age  is 
taken  into  account  (the  more  weathered  the  basalt,  the  lower  is  the  seismic 
velocity) . Other  than  this  observation,  the  behavior  of  the  bulk  modulus  is 
normal . 

Samples  used  for  Leg  35  (Fig.  2.5)  determinations  were  fine-grained  and 
slightly  altered.  The  low  bulk  modulus  obtained  for  sample  322-13-2  (56-62 
cm)  is  due  to  the  low  bulk  density  due  in  part  to  open  vesicles  present. 
Behavior  with  increasing  confining  pressure  is  typical. 

Leg  39  (Fig.  2.6)  samples  can  be  broken  into  two  groups:  354  samples  are 

coarse-grained  basalts,  whilst  355  samples  are  much  finer.  A feature  of  the 
354  samples  is  that  they  contain  large  amounts  of  calcite  which  tends  to  give 
higher  seismic  velocities  than  are  usual  for  basalts  of  similar  density  that 
contain  very  little  calcite. 


2.3.5.  Compressibility 

Compressibility  is  the  reciprocal  of  the  bulk  modulus,  and  Figures  2.7 
through  2.11  show  variation  with  confining  pressure.  It  is  calculated 
directly  from  the  bulk  modulus  and,  therefore,  is  a function  of  the  wave 
velocities.  Once  again,  curves  have  been  smoothed  and  the  data  for  these 
curves  are  given  in  Table  2.2. 

Since  this  property  is  purely  a reciprocal  of  the  bulk  modulus,  the 
comments  which  apply  to  the  bulk  modulus  apply  equally  to  it.  For  this  reason 
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FIGURE  2.3.  BULK  MODULUS  OF  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  19  [30] . 
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FIGURE  2.7.  COMPRESSIBILITY  OF  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  16  [29]. 
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100  200  300  400  500  600 

CONFINING  PRESSURE,  MPa 

FIGURE  2.9.  COMPRESSIBILITY  OF  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  34  [3l]. 
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FIGURE  2.10.  COMPRESSIBILITY  OF  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  35  [33]. 
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FIGURE  2.11.  COMPRESSIBILITY  OF  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  39  [32]. 
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TABLE  2.2.  ROOM-TEMPERATURE  PRESSURE  DEPENDENCE  OF  BULK  MODULUS  AND  COMPRESSIBILITY  OF  BASALT 


Data 

Set 

No. 

Basalt  Type 
& Location 

Confining 
Pressure, 
P (MPa) 

Bulk 
Modulus , 
K (GPa) 

Compressi- 

bility, 

1/K  (GPa) 

Remarks 

Ref. 

No. 

1 

Basalt, 

50 

43.0 

0.0232 

Density  2.586  g cm-3. 

34 

Chaffee,  CO 

500 

50.0 

0.0200 

2 

Basalt, 

200 

42.0 

0.0258 

Enclosed;  density  2.911  g cm  3 . 

35 

Scotch  Plains,  NJ 

1000 

59.0 

0.0169 

3 

Basalt 

0.1 

45.0 

0.0222 

Enclosed;  density  2.901  g cm  3 . 

36 

50 

67.0 

0.0149 

500 

77.0 

0.0130 

A 

Basalt 

0.1 

62.0 

0.0161 

Altered,  enclosed,  diabasic;  density  2.924  g cm  *. 

37 

1000 

77.0 

0.0130 

5 

Basalt, 

40 

71.0 

0.0141 

Deep  Sea  Drilling  Project  (DSDP);  plagioclase  45%, 

29 

DSDP  Leg  16; 

100 

71.0 

0.0141 

pyroxene  40%,  olivine  4%,  opaques  and  others 

155-11-1, 

200 

72.0 

0.0139 

11%;  values  calculated  from  mean  velocities 

143-150  cm. 

600 

75.0 

0.0133 

and  densities  and  are  for  water  saturated  speci- 

1000 

77.0 

0.0130 

mens;  density  2.448  g cm-3. 

6 

Basalt, 

40 

29.0 

0.0345 

Same  as  above  except  density  2.936  g cm  3 . 

29 

DSDP  Leg  16; 

100 

31.0 

0.0322 

163-29-4, 

200 

32.0 

0.0312 

67-74  cm. 

600 

36.0 

0.0278 

1000 

37.0 

0.0270 

"7 

Basalt, 

40 

72.0 

0.0139 

Deep  Sea  Drilling  Project  (DSDP);  values  are  cal- 

30 

DSDP  Leg  19; 

100 

73.0 

0.0137 

culated  from  mean  velocities  and  densities  cor- 

19-183-39-1, 

200 

74.0 

0.0135 

rected  for  dimension  changes  and  are  for  water 

148-150  cm. 

600 

76.0 

0.0132 

saturated  samples;  density  2.840  g cm  3 . 

1000 

77.0 

0.0130 

8 

Basalt, 

40 

52.0 

0.0192 

Same  as  above  except  density  2.794  g cm-3. 

30 

DSDP  Leg  19; 

100 

53.0 

0.0187 

19-191-16-1, 

200 

54.0 

0.0185 

21-25  cm. 

600 

57.0 

0.0175 

1000 

60.0 

0.0167 

9 

Basalt, 

40 

39.0 

0.0256 

Same  as  above  except  density  2.840  g cm-3. 

30 

DSDP  Leg  19; 

100 

41.0 

0.0244 

19-183-39-1, 

200 

44.0 

0.0227 

148-150  cm. 

600 

50.0 

0.0200 

1000 

53.0 

0.0189 

10 

Basalt, 

40 

66.0 

0.0152 

Deep  Sea  Drilling  Project  (DSDP) ; values  calcu- 

31 

DSDP  Leg  34; 

100 

68.0 

0.0147 

lated  from  densities  and  velocities  are  for 

319  A- 1-1, 

200 

70.0 

0.0143 

water  saturated  samples;  density  2.915  g cm-3. 

32-35  cm. 

600 

73.0 

0.0137 

11 

Basalt, 

40 

62.0 

0.0161 

Same  as  above  except  density  2.864  g cm  3 . 

31 

DSDP  Leg  34; 

100 

63.0 

0.0159 

319A-2-3, 

200 

64.0 

0.0156 

46-48  cm. 

600 

72.0 

0.0139 

12 

Basalt, 

40 

66.0 

0.0152 

Same  as  above  except  density  2.923  g cm  3 . 

31 

DSDP  Leg  34; 

100 

68.0 

0.0147 

319A-3-2, 

200 

70.0 

0.0143 

114-117  cm 

600 

75.0 

0.0133 

13 

Basalt, 

40 

68.0 

0.0147 

Same  as  above  except  density  2.939  g cm-3. 

31 

DSDP  Leg  34; 

100 

71.0 

0.0141 

319-A-3-4, 

200 

73.0 

0.0137 

85-88  cm. 

600 

76.0 

0.0132 

14 

Basalt, 

40 

63.0 

0.0159 

Same  as  above  except  density  2.911  g cm  3 . 

31 

DSDP  Leg  34; 

100 

65.0 

0.0154 

319A-4-1, 

200 

66.0 

0.0152 

137-140  cm. 

600 

71.0 

0.0141 

15 

Basalt, 

40 

68.0 

0.0147 

Same  as  above  except  density  2.948  g cm  3 . 

31 

DSDP  Leg  34; 

100 

70.0 

0.0143 

319A-5-1, 

200 

72.0 

0.0139 

80-83  cm. 

600 

75.0 

0.0133 

28 


TABLE  2.2.  ROOM-TEMPERATURE  PRESSURE  DEPENDENCE  OF  BULK  MODULUS  AND  COMPRESSIBILITY  OF  BASALT  (continued) 


No 


16 


17 


18 


19 


20 


21 


22 


23 


24 


25 


26 


27 


ta  Basalt  Type 

c & Location 

Conf ining 
Pressure, 
P (MPa) 

Bulk 
Modulus , 
K (GPa) 

Compressi- 
bility , 

1/K  (GPa) 

Remarks 

Basalt, 

40 

66.0 

0.0152 

Same  as  above  except  density  2.882  g cm-3. 

DSDP  Leg  34; 

100 

67.0 

0.0149 

319A-6-1, 

200 

67.0 

0.0149 

145-148  cm. 

600 

70.0 

0.0143 

Basalt, 

40 

61.0 

0.0164 

Same  as  above  except  density  2.851  g cm-3. 

DSDP  Leg  34; 

100 

63.0 

0.0159 

319  A- 7-1, 

200 

64.0 

0.0156 

65-68  cm. 

600 

66.0 

0.0152 

Basalt, 

40 

69.0 

0.0145 

Same  as  above  except  density  2.920  g cm-3. 

DSDP  Leg  34; 

100 

69.0 

0.0145 

319-13-1, 

200 

71.0 

0.0141 

52-55  cm. 

600 

75.0 

0.0133 

Basalt , 

40 

46.0 

0.0217 

Same  as  above  except  density  2.725  g cm  3 . 

DSDP  Leg  34: 

100 

46.0 

0.0217 

320B-3-1, 

200 

47.0 

0.0213 

64-67  cm. 

600 

53.0 

0.0189 

Bas alt, 

40 

56.0 

0.0179 

Same  as  above  except  density  2.837  g cm-3. 

DSDP  Leg  34; 

100 

58.0 

0.0172 

320B-4-1, 

200 

61.0 

0.0164 

144-147  cm. 

600 

67.0 

0.0149 

Basalt, 

40 

63.0 

0.0159 

Same  as  above  except  density  2.832  g cm-3. 

DSDP  Leg  34; 

100 

64.0 

0.0156 

320B-5 , CC 

200 

64.0 

0.0156 

600 

65.0 

0.0154 

Basalt, 

40 

47.0 

0.0213 

Same  as  above  except  density  2.822  g cm  3 . 

DSDP  Leg  34; 

100 

50.0 

0.0200 

321-13-14, 

200 

51.0 

0.196 

104-107  cm. 

600 

57.0 

0.175 

3asalt, 

40 

64.0 

0.0156 

Same  as  above  except  density  2.900  g cm  3 . 

DSDP  Leg  34; 

100 

64.0 

0.0156 

321-14-1, 

200 

65.0 

0.0154 

76-79  cm. 

600 

68.0 

0.0147 

Basalt, 

40 

57.0 

0.0175 

Same  as  above  except  density  2.915  g cm  3. 

DSDP  Leg  34; 

100 

59.0 

0.0169 

321-14-4, 

200 

60.0 

0.0167 

51-54  cm. 

600 

63.0 

0.0159 

Basalt, 

40 

51.0 

0.0196 

Deep  Sea  Drilling  Project  (DSDP);  contains 

DSDP  Leg  35; 

100 

51.0 

0.0196 

plagioclase  microphenocrystals  in  fine 

322-12-1, 

200 

52.0 

0.0192 

grained  variolitic  ground  mass; 

Piece  7. 

600 

56.0 

0.0179 

values  calculated  from  measured  densities 

and  velocities  and  are  for  water  saturated 

sample;  density  2.730  g cm-3. 

Basalt, 

40 

38.0 

0.0263 

Same  as  above  except  density  2.553  g cm  3 . 

DSDP  Leg  35; 

100 

39.0 

0.0256 

322-13-2, 

200 

39.0 

0.0256 

56-62  cm. 

600 

42.0 

0.0238 

Basalt, 

40 

52.0 

0.0192 

Same  as  above  except  density  2.727  g cm-3. 

DSDP  Leg  35; 

100 

52.0 

0.0192 

323-18-6, 

200 

53.0 

0.0189 

110-120  cm. 

600 

56.0 

0.0178 

Basalt, 

40 

46.0 

0.0217 

Same  as  above  except  density  2.723  g cm  3 . 

DSDP  Leg  35; 

100 

47.0 

0.0213 

323-20, CC, 

200 

48.0 

0.0208 

104-114  cm. 

600 

51.0 

0.0196 

Ref. 

No. 

31 


31 


31 


31 


31 


31 


31 


31 


31 


33 


33 


33 


28 


33 


TABLE  2.2 


ROOM-TEMPERATURE  PRESSURE  DEPENDENCE  OF  BULK  MODULUS  AND  COMPRESSIBILITY  OF  BASALT  (continued) 


g3ta  Basalt  Type 

,.e  & Location 

No. 

Confining 
Pressure, 
P (MPa) 

Bulk 
Modulus , 
K (GPa) 

Compressi- 

bility, 

1/K  (GPa) 

Remarks 

29 

Basalt, 

40 

51.0 

0.0196 

Deep  Sea  Drilling  Project  (DSDP);  values  cal- 

DSDP  Leg  39; 

100 

52.0 

0.0192 

culated  from  velocities  and  densities  corrected 

354-19-3, 

200 

53.0 

0.0189 

for  dimension  changes  and  are  water  saturated 

131-134  cm. 

600 

57.0 

0.0175 

samples;  density  2.733  g cm-3. 

30 

Basalt, 

40 

53.0 

0.0189 

Same  as  above  except  density  2.753  g cm-3. 

DSDP  Leg  39; 

100 

54.0 

0.0185 

354-19-5, 

200 

55.0 

0.0182 

93-96  cm. 

600 

58.0 

0.0172 

31 

Basalt, 

40 

59.0 

0.0169 

Same  as  above  except  density  2.808  g cm-3. 

DSDP  Leg  39; 

100 

59.0 

0.0169 

355-21-1, 

200 

59.0 

0.0169 

147-150  cm. 

600 

59.0 

0.0169 

32 

Basalt, 

40 

68.0 

0.0147 

Same  as  above  except  density  2.884  g cm-3. 

DSDP  Leg  39; 

100 

68.0 

0.0147 

355-22-1, 

200 

68.0 

0.0147 

57-60  cm. 

600 

71.0 

0.0141 

33 

Basalt, 

40 

57.0 

0.0175 

Same  as  above  except  density  2.838  g cm-3. 

DSDP  Leg  39; 

100 

59.0 

0.0169 

355-22-2, 

200 

60.0 

0.0167 

44-47  cm. 

600 

64.0 

0.0156 

34 

Basalt, 

40 

49.0 

0.0204 

Same  as  above  except  density  2.757  g cm  3 . 

DSDP  Leg  39; 

100 

51.0 

0.0196 

355-22-4, 

200 

53.0 

0.0189 

69-72  cm. 

600 

54.0 

0.0185 

35 

Basalt, 

40 

51.0 

0.0196 

Same  as  above  except  density  2.798  g cm-3. 

DSDP  Leg  39; 

100 

53.0 

0.0189 

355-22-5, 

200 

54.0 

0.0185 

119-122  cm. 

600 

57.0 

0.0175 

36 

Basalt, 

40 

30.0 

0.0333 

Same  as  above  except  density  2.258  g cm  3 . 

DSDP  Leg  39; 

100 

30.0 

0.0333 

359-4-2, 

200 

32.0 

0.0312 

80—83  cm. 

600 

35.0 

0.0286 

37 

Basalt, 

40 

30.0 

0.0333 

Same  as  above  except  density  2.308  g cm  3 . 

DSDP  Leg  39; 

100 

32.0 

0.0312 

359-4-3, 

200 

34.0 

0.0294 

143-146  cm. 

600 

38.0 

0.0263 

38 

Basalt, 

40 

44.0 

0.0227 

Same  as  above  except  density  2.449  g cm-3. 

DSDP  Leg  39; 

100 

44.4 

0.0227 

359-5-1, 

200 

45.0 

0.0222 

26-29  cm. 

600 

47.0 

0.0213 

Ref. 

No. 


32 


32 


32 


32 


32 


32 


32 


32 


32 


32 


30 


the  discussion  applicable  to  each  Leg  in  the  preceding  section  can  be  taken  as 
applicable  in  general  to  the  same  Legs  in  this  section.  No  further  discussion 
is,  therefore,  considered. 

2.3.6.  Wave  Velocities  (Compression  and  Shear  Velocities) 

Compression  wave  velocities  versus  confining  pressure  obtained  from 
saturated  basalt  core  samples  from  Deep  Sea  Drilling  Project  Legs  16,  19,  26, 
34,  35,  and  39  are  given  in  Figures  2.12,  2.14,  2.16,  2.17,  2.19,  and  2.21. 
The  corresponding  shear  wave  velocities  appear  in  Figures  2.13,  2.15,  2.17, 
2.20,  and  2.22.  The  data  for  these  curves  can  be  found  in  Table  2.3.  Curves 
have  been  smoothed  in  most  cases. 

Velocity  measurements  were  made  on  saturated  basalt  core  specimens  using 
the  pulse  transmission  method.  Bulk  densities  were  obtained  from  the  weight 
and  measurement  of  the  dimensions  of  the  samples.  At  low  confining  pressures 
the  rate  of  increase  of  velocity  is  high  due  to  closure  of  grain  boundary 
cracks.  This  rate  usually  decreases  around  200  MPa.  Saturation  tends  to 
affect  compression  wave  velocities  (any  values  are  about  10%  lower  than 
saturated  values),  but  seems  to  change  shear  wave  velocities  very  little. 
High  amounts  of  filling  material  like  calcite  on  occasion  gave  somewhat  higher 
velocities  than  might  be  anticipated  for  basalts  of  a given  density. 

Leg  16  (Figs.  2.12  and  2.13)  values  were  obtained  on  a fresh  massive 
basalt  (163-29-4)  and  an  altered  vesicular  basalt  (155-1-1) . Velocity 
measurements  were  made  parallel  and  perpendicular  to  core  axes.  Velocity 
increased  with  confining  pressure  as  anticipated.  Lower  density  basalts  gave 
lower  velocities,  also  as  expected. 

Values  obtained  from  Leg  19  (Figs.  2.14  and  2.15)  show  a systematic  trend 
with  the  lower  density  basalts  giving  lower  velocities.  The  rapid  increase  in 
velocity  up  to  200-300  MPa  due  to  crack  closure  can  be  easily  seen. 

Leg  26  (Fig.  2.16)  determinations  are  somewhat  different  from  the  other 
legs  given  in  that  the  maximum  confining  pressure  is  only  200  MPa.  The  effect 
of  grain  boundary  crack  closure  and  the  closure  of  other  possible  small  cracks 
is  well  depicted.  It  should  be  noted  that  samples  showing  very  large  rates  of 
increase,  for  example  251A-31-4  (48  cm)  and  254-31-1  (111  cm),  are  probably 
extensively  fractured. 
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FIGURE  2.13.  SHEAR  WAVE  VELOCITY  FOR  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  16  [29]. 


33 


34 


36 


Basalt  samples  for  Leg  34  (Figs.  2.17  and  2.18)  were  obtained  from 
roughly  two  groups  of  basalts:  one  fine-grained,  the  other  medium-  to 

coarse-grained.  These  basalts  are  relatively  young  (less  than  40  million 
years)  and  show  only  minor  alteration.  Behavior  of  the  velocities  with 
increasing  confining  pressure  is  normal. 

Leg  35  values  (Figs.  2.19  and  2.20)  were  obtained  on  slightly  altered, 
relatively  low-density  samples.  In  addition  to  the  decrease  in  density  caused 
by  alteration,  open  vesicles  were  also  present  in  the  case  of  sample  322-13-2 
(56-62  cm).  Behavior  of  these  samples  is  once  more  normal. 

Higher  than  usual  velocities  for  Leg  39  (Figs.  2.21  and  2.22)  samples, 
compared  to  values  usually  obtained  from  basalts  of  similar  density,  are 
reported.  These  values  are  ascribed  to  an  unusually  high  calcite  content 
(10-20%) . In  other  contexts  their  behavior  is  as  expected. 

2.4.  STRENGTH  AND  CREEP 

The  true  relation  between  stress  and  strain  for  rock  undergoing  loading 
can  often  only  be  described  using  a curve.  Many  factors  can  affect  this 
relationship  and  so  there  is  no  one  unique  curve.  Some  of  these  factors 
include  temperature,  moisture  content,  confining  pressure,  stress  path  loading 
rate,  and  strain  rate. 

In  this  section  the  term  'strength'  has  the  conventional  implication; 
that  is,  it  is  time  independent,  i.e.,  time-dependent  effects  are  disregarded. 
Time-dependent  'strength'  is  treated  in  the  section  dealing  with  creep.  There 
are  three  basic  strength  parameters  to  be  considered:  namely,  compressive 

strength  (cr^-a^)*  tensile  strength  (a^-a^).  and  shear  strength  (t)  . These 
terms  are  generally  defined  for  tests  of  short  duration  where  neither 
temperatures  nor  pressures  are  so  extreme  as  to  make  the  rock  behave  other 
than  in  a brittle  fashion. 


2.4.1.  Compressive  Strength 

This  is  defined  as  the  force  applied  at  failure  divided  by  the  initial 
cross-sectional  area  perpendicular  to  the  direction  of  loading.  Usually  this 
is  obtained  from  a uniaxial  test,  but  it  can  also  be  obtained  from  triaxial 
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FIGURE  2.17,  COMPRESS  I ONAL  WAVE  VELOCITY  FOR  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  34  [3l], 
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FIGURE  2.18.  SHEAR  WAVE  VELOCITY  FOR  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  3A  [3l] . 
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FIGURE  2.22.  SHEAR  WAVE  VELOCITY  FOR  SATURATED  BASALT  CORE  SAMPLES  FROM  DSDP  LEG  39  [32]. 
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TABLE  2.3.  ROOM-TEMPERATURE  PRESSURE  DEPENDENCE  OF  COMPRESSIONAL  AND  SHEAR  WAVE  VELOCITIES  OF  BASALT 


DaCa 

Set 

No. 

Basalt  Type 
& Location 

Confining 
Pressure, 
P (MPa) 

Compressional 
Wave  Velocity, 
V (km  s”1) 

P 

Shear 

Wave  Velocity, 

V (km  s”1) 
s 

Remarks 

Ref. 

No. 

1 

Basalt, 

Density  2.65  g cm-3;  porosity  5%; 

38 

Armenia,  USSR 

0.1 

5.15 

2.92 

dry  specimen. 

Basalt, 

Density  2.66  g cm-3;  porosity  4%; 

2 

Armenia,  USSR 

0.1 

4.64 

2.78 

dry  specimen. 

38 

3 

Basalt, 

Density  2.46  g cm”3;  porosity  6%; 

38 

Armenia,  USSR 

0.1 

3.94 

dry  specimen. 

4 

Basalt, 

Density  2.15  g cm  3 ; water  saturated. 

39 

Pacific  Ocean  Floor 

20 

3.75 

1.83 

60 

3.80 

1.89 

200 

3.89 

2.05 

600 

4.13 

2.27 

I 

Basalt, 

20 

6.03 

3.28 

Density  2.87  g cm  3 ; water  saturated. 

39 

Pacific  Ocean  Floor 

60 

6.09 

3.30 

200 

6.19 

3.32 

600 

6.31 

3.35 

6 

Basalt, 

20 

5.80 

3.11 

Density  2.82  g cm-3. 

40 

Atlantic  Ocean  Floor 

60 

5.87 

3.14 

100 

5.90 

3.15 

400 

6.04 

3.21 

1000 

6.15 

3.29 

7 

Basalt, 

0.1 

5.53 

- 

Density  2.87  g cm  3. 

41 

Monolith, 

100 

6.04 

3.62 

Voronezk,  USSR 

200 

6.20 

3.66 

600 

6.42 

3.70 

1000 

6.57 

3.72 

8 

Basalt, 

20 

6.35 

3.47 

Plagioclase  58%,  Pyroxene  9%,  opaques  and 

29 

DSDP  Leg  16; 

40 

6.36 

3.48 

others  33%;  density  2.935  g cm-3;  mea- 

163-29-4, 

60 

6.37 

3.49 

surement  parallel  to  axis  of  core  sample 

67-74  cm. ■ 

80 

6.39 

3.50 

at  293-298  K;  pulse  transmission  through 

100 

6.40 

3.50 

water  saturated  core  samples  (pore  pres- 

200 

6.44 

3.52 

sure  less  than  confining  pressure) . 

400 

6.50 

3.54 

600 

6.52 

3.55 

800 

6.57 

3.56 

1000 

6.59 

3.56 

9 

Basalt, 

20 

6.36 

3.55 

Same  as  above  except  measurement  perpenai- 

29 

DSDP  Leg  16; 

40 

6.38 

3.56 

cular  to  core  sample;  density 

163-29-4, 

60 

6.39 

3.58 

2.937  g cm”3. 

67-74  cm. 

80 

6.41 

3.59 

100 

6.42 

3.59 

200 

6.46 

3.61 

400 

6.52 

3.63 

600 

6.57 

3.64 

800 

6.60 

3.64 

1000 

6.62 

3.65 

10 

Basalt, 

20 

4.16 

2.03 

Same  as  above  except  measurement  parallel 

29 

DSDP  Leg  16; 

40 

4.19 

2.04 

to  core  of  axis;  plagioclase  45%, 

155-1-1, 

60 

4.22 

2.05 

pyroxene  40%,  olivine  4%,  opaque  and 

143-150  cm. 

80 

4.24 

2.06 

other  11%;  density  2.448  g cm  3 . 

100 

4.27 

2.07 

200 

4.36 

2.11 

400 

4.48 

2.15 

600 

4.56 

2.18 

800 

4.61 

2.19 

1000 

4.64 

2.20 

44 


TABLE  2.3.  ROOM -TEMPERATURE  PRESSURE  DEPENDENCE  OF  COMPRESSIONAL  AND  SHEAR  WAVE  VELOCITIES  OF  BASALT  (continued) 


Data 

Set 

No. 

Basalt  Type 
& Location 

Confining 
Pressure, 
P (MPa) 

Compressional 
Wave  Velocity, 

V (km  s"1) 

P 

Shear 

Wave  Velocity 
Vg  (km  s-1) 

11 

Basalt, 

20 

4.81 

2.44 

DSDP  Leg  19; 

40 

4.87 

2.44 

19-192A-5-4 , 

60 

4.92 

2.48 

133-142  cm. 

80 

4.95 

2.49 

100 

4.98 

2.51 

200 

5.10 

2.58 

400 

5.25 

2.66 

600 

5.36 

2.70 

800 

5.45 

2.73 

1000 

5.53 

2.75 

12 

Basalt, 

20 

4.72 

2.43 

DSDP  Leg  19; 

40 

4.77 

2.45 

19-192A-5-4, 

60 

4.83 

2.47 

133-142  cm. 

80 

4.88 

2.48 

100 

4.92 

2.50 

200 

5.08 

2.57 

400 

5.28 

2.65 

600 

5.41 

2.70 

800 

5.51 

2.74 

1000 

5.58 

2.76 

13 

Basalt, 

20 

5.61 

3.07 

DSDP  Leg  19; 

40 

5.64 

3.08 

19-191-16-1, 

60 

5.66 

3.09 

21-25  cm. 

80 

5.68 

3.10 

100 

5.69 

3.11 

200 

5.74 

3.14 

400 

5.81 

3.16 

600 

5.87 

3.18 

800 

5.92 

3.19 

1000 

5.97 

3.20 

14 

Basalt, 

20 

5.42 

2.94 

DSDP  Leg  19; 

40 

5.44 

2.95 

19-191-16-1, 

60 

5.46 

2.96 

21-25  cm. 

80 

5.47 

2.97 

100 

5.48 

2.98 

200 

5.53 

3.01 

400 

5.60 

3.03 

600 

5.65 

3.04 

800 

5.70 

3.04 

1000 

5.74 

3.05 

15 

Basalt, 

20 

6.14 

3.08 

DSDP  Leg  19; 

40 

6.16 

3.09 

19-183-39-1, 

60 

6.18 

3.11 

148-150  cm. 

80 

6.20 

3.12 

100 

6.22 

3.13 

200 

6.28 

3.18 

400 

6.36 

3.24 

600 

6.41 

3.26 

300 

6.43 

3.27 

1000 

6.43 

3.27 

16 

Basalt, 

17.2 

6.13 

- 

DSDP  Leg  26; 

34.5 

6.17 

- 

250A-26-2, 

51.7 

6.22 

- 

140  cm. 

69.0 

6.22 

- 

103.4 

6.32 

- 

137.9 

6.32 

- 

206.8 

6.32 

- 

17 

Basalt, 

17.2 

6.02 

- 

DSDP  Leg  26; 

34.5 

6.09 

- 

250A-26-6, 

51.7 

6.17 

- 

58  cm. 

69.0 

6.17 

- 

103.4 

6.24 

- 

137.9 

6.24 

- 

206.8 

6.24 

- 

Remarks 


Ref. 

No. 


Leg  19  of  Deep  Sea  Drilling  Project  30 

(DSDP) ; density  2.570  g cm-3;  values 
calculated  from  weights  and  dimensions; 
room  temp  measurements  from  water  sat- 
urated cylindrical  specimens  1.3  cm 
dia.  and  3-4  cm  long.  [Note:  Densities 
are  bulk  densities  for  all  DSDP  results.] 


Same  as  above  except  density  2.555  g cm-3.  30 


Same  as  above  except  density 
2.825  g cm  3. 


30 


Same  as  above  except  density 
2.762  g cm  ;. 


30 


Same  as  above  except  density 
2.84  g cm-3. 


30 


Leg  26  of  Deep  Sea  Drilling  Project  42 

(DSDP);  samples  at  293-298  K were 
water  saturated;  density  2.85  g cm  s. 


Same  as  above  except  density 
2.82  g cm"3. 


42 


45 


TABLE  2.3.  ROOM-TEMPERATURE  PRESSURE  DEPENDENCE  OF  COMPRESSIONAL  AND  SHEAR  WAVE  VELOCITIES  OF  BASALT  (continued) 


Data 

Set 

No. 

Basalt  Type 
& Location 

Confining 
Pressure, 
P (MPa) 

Compress ional 
Wave  Velocity, 
V (km  s-1) 

P 

Shear 

Wave  Velocity, 

V (km  s-1) 
s 

Remarks 

Ref, 

No. 

18 

Basalt, 

17.2 

5.55 

- 

Same  as  above  except  density  2.82  g cm-3. 

42 

DSDP  Leg  26; 

34.5 

5.61 

- 

251A-31-2, 

51.7 

5.61 

- 

84  cm. 

69.0 

5.68 

- 

103.4 

5.68 

- 

137.9 

5.68 

- 

206.8 

5.76 

- 

19 

Basalt, 

17.2 

6.31 

- 

Same  as  above  except  density 

42 

DSDP  Leg  26; 

34.5 

6.49 

- 

2.86  g cm  3 . 

251A-31-3, 

51.7 

6.49 

- 

50  cm. 

69.0 

6.58 

- 

103.4 

6.62 

- 

137.9 

6.62 

- 

206.8 

6.77 

- 

20 

Basalt, 

17.2 

5.94 

- 

Same  as  above  except  density 

42 

DSDP  Leg  26; 

34.5 

6.05 

- 

2.93  g cm” 3 . 

251A-31-4, 

51.7 

6.13 

- 

48  cm. 

69.0 

6.17 

- 

103.4 

6.25 

- 

137.9 

6.29 

- 

206.8 

6.37 

21 

Basalt, 

17.2 

5.93 

- 

Same  as  above  except  density 

42 

DSDP  Leg  26; 

34.5 

6.01 

- 

2.94  g cm-3. 

251A-31-5, 

51.7 

6.06 

- 

105  cm. 

69.0 

6.15 

- 

103.4 

6.24 

- 

137.9 

6.33 

- 

206.8 

6.33 

22 

Basalt, 

17.2 

5.20 

- 

Same  as  above  except  density 

42 

DSDP  Leg  26; 

34.5 

5.40 

2.74  g cm-3. 

254-31-1, 

51.7 

5.52 

- 

111  cm. 

69.0 

5.56 

- 

103.4 

5.65 

- 

137.9 

5.65 

- 

206.8 

5.73 

- 

23 

Basalt, 

17.2 

4.79 

- 

Same  as  above  except  density 

42 

DSDP  Leg  26; 

34.5 

4.92 

- 

2.75  g cm-3. 

254-35-1, 

51.7 

4.97 

- 

107  cm. 

69.0 

5.02 

- 

103.4 

5.07 

- 

137.9 

5.07 

- 

206.8 

5.13 

-J 

24 

Basalt, 

17.2 

5.24 

- 

Same  as  above  except  density 

42 

DSDP  Leg  26; 

34.5 

5.30 

- 

2.82  g cm-3. 

254-36-3, 

51.7 

5.36 

- 

105  cm. 

69.0 

5.42 

- 

103.4 

5.48 

- 

137.9 

5.48 

- 

206.8 

5.55 

- 

25 

Basalt, 

17.2 

5.67 

- 

Same  as  above  except  density 

42 

DSDP  Leg  26; 

34.5 

5.84 

- 

2.96  g cm-3. 

256-10-2, 

51.7 

5.88 

- 

68  cm. 

69.0 

5.96 

- 

103.4 

6.04 

- 

137.9 

6.04 

- 

206.8 

6.12 

- 

26 

Basalt, 

17.2 

6.23 

- 

Same  as  above. 

42 

DSDP  Leg  26; 

34.5 

6.38 

- 

256-10-3, 

51.7 

6.47 

- 

85  cm. 

69.0 

6.47 

103.4 

6.56 

- 

137.9 

6.56 

- 

206.8 

6.65 

- 

46 


TABLE  2.3.  ROOM-TEMPERATURE  PRESSURE  DEPENDENCE  OF  COMPRESSIONAL  AND  SHEAR  WAVE  VELOCITIES  OF  BASALT  (continued) 


Data 

Set 

No. 

Basalt  Type 
& Location 

Confining 
Pressure, 
P (MPa) 

Compressional 
Wave  Velocity, 
V (km  s-1) 

P 

Shear 

Wave  Velocity, 

V (km  s-1) 
s 

Remarks 

Ref. 

No. 

27 

Basalt, 

17.2 

5.06 

- 

Same  as  above  except  density  2.74  g cm-3. 

42 

DSDP  Leg  26; 

34.5 

5.18 

- 

257-11-2, 

51.7 

5.21 

- 

74  cm. 

69.0 

5.24 

- 

103.4 

5.31 

- 

137.9 

5.38 

- 

206.8 

5.45 

- 

28 

Basalt, 

17.2 

5.97 

- 

Same  as  above  except  density  2.73  g cm-3. 

42 

DSDP  Leg  26; 

34.5 

6.06 

- 

257-12-1, 

51.7 

6.11 

- 

130  cm. 

69.0 

6.11 

- 

103.4 

6.25 

- 

137.9 

6.35 

- 

206.8 

6.35 

- 

29 

Basalt, 

17.2 

5.88 

- 

Same  as  above. 

42 

DSDP  Leg  26; 

34.5 

6.02 

- 

257-12-3, 

51.7 

6.13 

- 

35  cm. 

69.0 

6.20 

- 

103.4 

6.28 

- 

137.9 

6.35 

- 

206.8 

6.43 

- 

30 

Basalt, 

17.2 

5.46 

- 

Same  as  above  except  density  2.82  g cm-3. 

42 

DSDP  Leg  26; 

34.5 

5.53 

- 

257-13-3, 

51.7 

5.60 

- 

15  cm. 

69.0 

5.60 

- 

103.4 

5.67 

- 

137.9 

5.67 

- 

206.8 

5.73 

- 

31 

Basalt, 

17.2 

5.15 

- 

Same  as  above  except  density  2.75  g cm-3. 

42 

DSDP  Leg  26; 

34.5 

5.21 

- 

257-14-2, 

51.7 

5.27 

- 

95  cm. 

69.0 

5.27 

- 

103.4 

5.33 

- 

137.9 

5.33 

- 

206.8 

5.39 

- 

32 

Basalt, 

17.2 

6.04 

- 

Same  as  above  except  density  2.89  g cm-3. 

42 

DSDP  Leg  26; 

34.5 

6.13 

- 

257-15-1, 

51.7 

6.13 

- 

133  cm. 

69.0 

6.22 

- 

103.4 

6.22 

- 

137.9 

6.22 

- 

206.8 

6.31 

- 

33 

Basalt, 

20 

6.06 

3.32 

Leg  34  of  Deep  Sea  Drilling  Project  (DSDP); 

31 

DSDP  Leg  34; 

40 

6.11 

3.33 

density  2.915  g cm-3;  pulse  transmission 

319 A- 1-1, 

60 

6.14 

3.34 

through  water  saturated  core  samples, 

32-35  cm. 

80 

6.17 

3.35 

(pore  pressure  less  than  confining  pres- 

100 

6.20 

3.36 

sure);  293-298  K. 

200 

6.28 

3.40 

400 

6.38 

3.44 

600 

6.41 

3.47 

34 

Basalt, 

20 

5.92 

3.19 

Same  as  above  except  density 

31 

DSDP  Leg  34; 

40 

5.94 

3.20 

2 . 864  g cm” 3 . 

319A-2-3, 

60 

5.95 

3.22 

46-48  cm. 

80 

5.98 

3.23 

100 

6.00 

3.24 

200 

6.06 

3.29 

400 

6.19 

3.33 

600 

6.32 

3.35 

47 


TABLE  2.3.  ROOM -TEMPERATURE  PRESSURE  DEPENDENCE  OF  COMPRESSIONAL  AND  SHEAR  WAVE  VELOCITIES  OF  BASALT  (continued) 


a Basalt  Type 

& Location 

Confining 
Pressure, 
P (MPa) 

Compressional 
Wave  Velocity, 

V (km  s-1) 

P 

Shear 

Wave  Velocity, 
Vg  (km  s-1) 

Basalt, 

20 

6.06 

3.28 

Same  as 

DSDP  Leg  34; 

40 

6.09 

3.29 

2.923 

319A-3-2, 

60 

6.12 

3.32 

114-117  cm. 

80 

6.15 

3.34 

100 

6.17 

3.35 

200 

6.27 

3.39 

400 

6.38 

3.43 

600 

6.44 

3.47 

Basalt, 

20 

6.14 

3.36 

Same  as 

DSDP  Leg  34; 

40 

6.19 

3.37 

2.939 

319A-3-4, 

60 

6.22 

3.37 

85-88  cm. 

80 

6.25 

3.38 

100 

6.27 

3.39 

200 

6.34 

3.41 

400 

6.43 

3.45 

600 

6.47 

3.46 

Basalt, 

20 

6.00 

3.30 

Same  as 

DSDP  Leg  34; 

40 

6.03 

3.31 

2.911 

319A-4-1, 

60 

6.06 

3.32 

137-140  cm. 

80 

6.08 

3.34 

100 

6.09 

3.35 

200 

6.15 

3.36 

400 

6.23 

3.39 

600 

6.31 

3.40 

Basalt, 

20 

6.24 

3.49 

Same  as 

DSDP  Leg  34; 

40 

6.28 

3.49 

2.948 

319A-5-1, 

60 

6.30 

3.50 

80-83  cm. 

80 

6.32 

3.50 

100 

6.34 

3.50 

200 

6.40 

3.52 

400 

6.46 

3.53 

600 

6.49 

3.53 

Basalt, 

20 

6.11 

3.27 

Same  as 

DSDP  Leg  34; 

40 

6.12 

3.29 

2.882 

319A-6-1, 

60 

6.14 

3.31 

145-148  cm. 

80 

6.15 

3.32 

100 

6.16 

3.33 

200 

6.19 

3.35 

400 

6.23 

3.35 

600 

6.26 

3.36 

Basalt, 

20 

5.93 

3.24 

Same  as 

DSDP  Leg  34; 

40 

5.97 

3.25 

2.851 

319-7-1, 

60 

6.00 

3.26 

65-68  cm. 

80 

6.01 

3.27 

100 

6.03 

3.28 

200 

6.07 

3.30 

400 

6.13 

3.33 

600 

6.18 

3.35 

Basalt, 

20 

6.13 

3.26 

Same  as 

DSDP  Leg  34; 

40 

6.17 

3.29 

2.920 

319-13-1, 

60 

6.19 

3.32 

52-55  cm. 

80 

6.21 

3.34 

100 

6.23 

3.36 

200 

6.30 

3.41 

400 

6.38 

3.45 

600 

6.46 

3.46 

Set 

No. 


Remarks 


Ref. 

No. 


35 


36 


37 


38 


39 


40 


41 


31 


31 


31 


31 


31 


31 


31 


48 


TABLE  2.3.  ROOM- TEMPERATURE  PRESSURE  DEPENDENCE  OF  CQMPRESSIONAL  AND  SHEAR  WAVE  VELOCITIES  OF  BASALT  (continued) 


Data 

Set 

No. 


3asalt  Type 
& Location 


Confining 
Pressure, 
P (MPa) 


Compressional  Shear 

Wave  Velocity,  Wave  Velocity, 

V (km  s"1)  V (km  s"1) 
p ' s' 


42 


43 


44 


45 


46 


47 


Basalt, 

20 

5.25 

2.85 

DSDP  Leg  34; 

40 

5.27 

2.86 

320B-3-1, 

60 

5.28 

2.88 

64-67  cm. 

80 

5.29 

2.89 

100 

5.31 

2.89 

200 

5.37 

2.93 

400 

5.48 

2.97 

600 

5.61 

3.00 

Basalt, 

20 

5.62 

3.01 

DSDP  Leg  34; 

40 

5.66 

3.03 

320B-4-1, 

60 

5.71 

3.06 

144-147  cm. 

80 

5.74 

3.08 

100 

5.77 

3.10 

200 

5.89 

3.16 

400 

6.03 

3.20 

600 

6.14 

3.25 

Basalt, 

20 

6.01 

3.24 

DSDP  Leg  34; 

40 

6.04 

3.27 

320B.5.CC 

60 

6.07 

3.28 

80 

6.08 

3.30 

100 

6.10 

3.31 

200 

6.14 

3.38 

400 

6.19 

3.44 

600 

6.24 

3.48 

Basalt, 

20 

5.22 

2.84 

DSDP  Leg  34; 

40 

5.26 

2.86 

321-13-4, 

60 

5.29 

2.88 

104-107  cm. 

80 

5.32 

2.89 

100 

5.35 

2.90 

200 

5.44 

2.96 

400 

5.57 

3.02 

600 

5.70 

3.05 

Basalt, 

20 

6.03 

3.28 

DSDP  Leg  34; 

40 

6.05 

3.30 

321-14-1, 

60 

6.06 

3.31 

76-79  cm 

80 

6.07 

3.33 

100 

6.08 

3.34 

200 

6.12 

3.38 

400 

6.19 

3.42 

600 

6.26 

3.45 

Basalt, 

20 

5.67 

3.09 

DSDP  Leg  34; 

40 

5.71 

3.11 

321-14-4, 

60 

5.73 

3.13 

51-54  cm. 

80 

5.76 

3.14 

100 

5.78 

3.16 

200 

5.86 

3.22 

400 

5.95 

3.29 

600 

6.00 

3.32 

Basalt, 

20 

5.50 

2.98 

DSDP  Leg  35; 

40 

5.52 

2.99 

322-12-1, 

60 

5.53 

3.00 

(piece  No.  7). 

80 

5.54 

3.01 

100 

5.56 

3.02 

200 

5.61 

3.05 

400 

5.69 

3.07 

600 

5.74 

3.09 

Remarks 


Ref. 

No. 


Same  as  above  except  density 
2.725  g cm"3. 


31 


Same  as  above  except  density 
2.837  g cm"3. 


31 


Same  as  above  except  density 
2.832  g cm"3. 


31 


Same  as  above  except  density 
2.822  g cm"3. 


31 


Same  as  above  except  density 
2.900  g cm”3. 


31 


Same  as  above  except  density 
2.915  g cm"3. 


31 


Deep  Sea  Drilling  Project  (DSDP),  water 
saturated  samples  at  293  K;  density 
2.730  g cm"3*.' 


48 


33 


49 


TABLE  2.3.  ROOM- TEMPERATURE  PRESSURE  DEPENDENCE  OF  COMPRESSIONAL  AND  SHEAR  WAVE  VELOCITIES  OF  BASALT  (continued) 


Data 

Set 

No. 

49 


50 


51 


52 


53 


54 


55 


56 


Basalt  Type 
& Location 

Confining 
Pressure, 
P (MPa) 

Compressional 
Wave  Velocity, 

V (km  s"1) 

P 

Shear 

Wave  Velocity, 

V (km  s"1) 
s 

Remarks 

Ref. 

No. 

Basalt, 

20 

4.87 

2.58 

Same  as  above,  but  large  open  vesicles 

33 

DSDP  Leg  35; 

40 

4.89 

2.60 

present,  hence  low  density  of 

322-18-6, 

60 

4.91 

2.61 

2.553  g cm-3. 

110-120  cm. 

80 

4.93 

2.63 

100 

4.94 

2.64 

200 

5.01 

2.69 

400 

5.09 

2.74 

600 

5.14 

2.76 

Basalt, 

20 

5.44 

2.82 

Same  as  above,  except  intergranular 

33 

DSDP  Leg  35; 

40 

5.45 

2.84 

intersertal  textures  and  contain  sig- 

323-18-6, 

60 

5.47 

2.86 

nificant  alteration  products;  calcite 

110-120  cm. 

80 

5.48 

2.87 

veins  were  avoided  in  the  samples  for 

100 

5.49 

2.88 

velocity  measurements;  density 

200 

5.55 

2.91 

2.727  g cm-3. 

400 

5.62 

2.95 

600 

5.67 

2.96 

Basalt, 

20 

5.30 

2.88 

Same  as  above  except  density 

33 

DSDP  Leg  35; 

40 

5.31 

2.90 

2.727  g cm"3. 

323-20,  CC, 

60 

5.33 

2.91 

104-144  cm. 

80 

5.34 

2.92 

100 

5.35 

2.92 

200 

5.41 

2.95 

400 

5.48 

2.97 

600 

5.54 

2.98 

3asalt, 

20 

5.55 

3.03 

Leg  39  of  Deep  Sea  Drilling  Project 

32 

DSDP  Leg  39; 

40 

5.57 

3.04 

(DSDP) ; water  saturated  samples  at 

354-19-3, 

60 

5.59 

3.05 

293  K;  exact  composition  unknown  except 

131-134  cm. 

80 

5.61 

3.06 

large  amount  of  calcite  present; 

100 

5.62 

3.06 

density  2.733  g cm"3. 

200 

5.67 

3.08 

400 

5.74 

3.10 

600 

5.80 

3.11 

Basalt, 

20 

5.63 

3.08 

Same  as  above  except  density 

32 

DSDP  Leg  39; 

40 

5.65 

3.09 

2.753  g cm"3. 

354-19-5, 

60 

5.67 

3.09 

93-96  cm. 

80 

5.69 

3.10 

100 

5.70 

3.11 

200 

5.74 

3.12 

400 

5.79 

3.14 

600 

5.85 

3.15 

Basalt, 

20 

5.70 

2.93 

Same  as  above  except  density 

32 

DSDP  Leg  39; 

40 

5.71 

2.95 

2.808  g cm"3. 

355-21-1, 

60 

5.72 

2.96 

147-150  cm. 

80 

5.73 

2.97 

100 

5.74 

2.98 

200 

5.75 

3.02 

400 

5.80 

3.07 

600 

5.86 

3.10 

3asalt, 

20 

6.03 

3.12 

Same  as  above  except  density 

32 

DSDP  Leg  39; 

40 

6.05 

3.14 

2.884  g cm  3. 

355-22-1, 

60 

6.07 

3.16 

57-60  cm 

80 

6.08 

3.17 

100 

6.10 

3.17 

200 

6.15 

3.23 

400 

6.22 

3.26 

600 

6.28 

3.27 

Basalt, 

20 

5.78 

3.20 

Same  as  above  except  density 

32 

DSDP  Leg  39; 

40 

5.83 

3.21 

2.338  g cm"3. 

355-22-2, 

60 

5.86 

3.22 

44-47  cm. 

80 

5.88 

3.23 

100 

5.89 

3.24 

200 

5.94 

3.25 

400 

5.99 

3.26 

600 

6.07 

3.27 

50 


TABLE  2.3.  ROOM- TEMPERATURE  PRESSURE  DEPENDENCE  OF  COMPRESSIONAL  AND  SHEAR  WAVE  VELOCITIES  OF  BASALT  (continued) 


Data 

Set 

No. 


Basalt  Type 
& Location 


Congressional 
Wave  Velocity, 
V (1cm  s-1) 

E 


Shear 
Wave  Velocity, 
V (Van  s-1) 


Remarks 


Ref. 

No. 


Basalt, 

20 

5.35 

2.93 

DSDP  Leg  39; 

40 

5.41 

2.94 

355-22-4, 

60 

5.45 

2.95 

69-72  cm. 

80 

5.48 

2.96 

100 

5.50 

2.96 

200 

5.55 

2.96 

400 

5.60 

3.02 

600 

5.64 

3.04 

Basalt, 

20 

5:54 

3.08 

DSDP  Leg  39; 

40 

5.57 

3.09 

355-22-5, 

60 

5.59 

3.09 

119-122  cm. 

80 

5.61 

3.10 

100 

5.62 

3.10 

200 

5.67 

3.12 

400 

5.73 

3.15 

600 

5.81 

3.17 

Same  as  above  except  density  2.757  g cm-3.  32 


Same  as  above  except  density  2.798  g cm-3.  32 


51 


results  though  the  added  sophistication  is  hardly  necessary. 

There  are  several  factors  which  influence  the  values  obtained  over  and 
above  purely  petrological  factors  such  as  mineralogy.  These  factors  include: 

1)  End-effects  due  to  friction  between  specimen  and  load  platens 

2)  Specimen  geometry 

3)  Rate  of  loading 

4)  Testing  environment,  e.g.#  moisture,  temperature,  etc. 

2.4.2.  Tensile  Strength 

Tensile  strength  of  rock  is  considerably  less  than  the  compressive 
strength.  However,  since  the  propagation  of  tensile  cracking  leading  to 
tensile  failure  in  rock  is  not  uncommon,  it  is  necessary  to  assess  the  tensile 
strength. 

There  are  basically  two  methods  of  determining  tensile  strength.  One  is 
the  direct  method  which  implies  a direct  tensile  load  on  a rock  specimen,  and 
the  other  is  the  indirect  method  in  which  a tensile  stress  is  induced  in  a 
specimen  rather  than  directly  applied  to  it. 

The  direct  method  is  self-explanatory;  however,  indirect  techniques  bear 
some  examination.  Bending  tests  and  diametral  compression  of  discs  give  rise 
to  induced  tensile  stress.  In  both  of  these  types  of  test,  no  direct  tensile 
load  is  applied.  In  the  case  of  binding,  a certain  amount  of  inaccuracy 
occurs  due  to  creep  which  takes  place  just  prior  to  failure.  Disk  compression 
tests  (e.g.,  Brazilian)  are  somewhat  controversial,  and  conflicting  results 
have  been  reported.  Overall  it  seems  some  combination  of  tensile  failure  and 
shear  failure  occurs  making  the  results  questionable  unless  precautions  are 
taken  to  prevent  the  feasibility  of  shear  failure. 

2.4.3.  Shear  Strength 

Shear  strength  lacks  an  exact  definition,  but  here  it  will  be  defined  as 
the  shearing  force  necessary  to  cause  failure  divided  by  the  cross-sectional 
area  over  which  the  failure  occurs. 

Again,  there  are  several  tests  for  determining  shear  strength.  The  basic 


methods  are: 
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The  zero  normal  stress  method 
The  torsion  method 
The  oblique  shear  method 
The  triaxial  test 

The  best  agreement  and  best  results  are  given  by  the  torsion  and  triaxial 
methods.  Shear  tests  with  compression  are  considerably  better  than  zero 
normal  stress  tests  since  they  do  not  produce  bending,  plus  the  usual  tensile 
stress  associated  with  the  latter  test. 

Strength  data  are  presented  in  tabular  form  in  Table  2.4.  Additionally, 

the  ultimate  strength  of  basalt  versus  stress  rate  for  two  different 

temperatures  from  ref.  [47]  is  presented  in  Figure  2.23.  Stress  rates  of  10  ^ 
8 —1 

to  10  MPa  s and  two  temperatures  of  296  K and  77  K are  shown.  As  can  be 
seen  from  the  figure,  the  lower  strength  values  are  associated  with  the  lower 
temperature . 

In  Figure  2.24  the  effect  of  confining  pressure  of  the  strain  rate 

dependence  of  the  ultimate  compressive  strength  of  Dresser  Basalt  is 

-5  3 -1 

displayed.  Axial  strain  rates  of  10  to  10  s and  confining  pressures  of  0 
to  490  MPa  were  utilized.  The  temperature  was  kept  constant  at  300  K. 
Testing  was  accomplished  using  hydraulic  loading  equipment  for  low  strain 
rates  and  a Hopkinson  pressure  bar  apparatus  for  higher  strain  rates. 

The  effect  of  temperature  and  strain  rate  on  the  unconfined  ultimate 
strength  of  Dresser  Basalt  can  be  seen  in  Figure  2.25.  Temperatures  ranging 
from  0 to  1400  K and  strain  rates  of  approximately  10^  s 10  ^ s and  10  ^ 

s ^ were  used.  The  testing  used  the  same  method  indicated  in  the  preceding 
paragraph. 


2.4.4.  Creep 

Three  general  approaches  are  usually  adopted  to  study  creep.  They  are 
the  micromechanistic,  phenomenological,  and  empirical  methods.  Of  the  three, 
the  latter  is  the  most  popular.  In  this  technique,  experiments  are  conducted 
to  obtain  a continuous  stress-strain  history  in  terms  of  parameters  like  time, 
stress,  and  temperature.  This  information  is  then  used  to  derive  empirical 
creep  equations  that  describe  a particular  material's  creep  behavior.  A 
general  equation  which  defines  the  performance  of  a material  over  its  entire 
range  of  behavior  according  to  Emery  et  al.  [49]  is  the  following: 
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TABLE  2.4.  ULTIMATE  STRENGTH,  COMPRESSIVE  STRENGTH  AND  TENSILE  STRENGTH  OF  BASALT 


Data 

Set 

No. 

Basalt  Type 
& Location 

Ultimate 

Strength, 

ault.  <»*> 

Compressive 

Strength, 

a (MPa) 
c 

Tensile 
Strength, 
at  (MPa) 

Temp. 

(K) 

Remarks 

Ref. 

No. 

Andesite-Basalt  - 

1 

Bakuvlani, 
Georgia,  USSR 

88.26 

Confining  pressure  21.86  MPa. 

3 

Olivine  Basalt  - 

2 

31airsden,  CA 

1540 

297 

Confining  pressure  505  MPa. 

13 

3 

31airsden,  CA 

1380 

573 

Confining  pressure  500  MPa. 

13 

4 

Blairsden,  CA 

1030 

773 

Confining  pressure  505  MPa. 

13 

5 

Blairsden,  CA 

546 

873 

Confining  pressure  200  MPa. 

13 

6 

Blairsden,  CA 

531 

973 

Confining  pressure  507  MPa. 

13 

7 

Blairsden,  CA 

263 

1073 

Confining  pressure  507  MPa. 

13 

8 

Blairsden,  CA 

131 

1073 

Confining  pressure  507  MPa. 

13 

9 

Eniwetok  Atoll 

194.4 

4 

Basalts  - 

10 

Barra  Bonita 
Dam,  Brazil 

19.54 

Compact;  porosity  1.42. 

10 

11 

Barra  Bonita 
Dam,  Brazil 

137.4 

Same  as  above. 

10 

12 

Black  Canyon 
Dam,  ID 

57.9 

3.17 

7 

13 

Brooklyn,  Vic, 
Australia 

86.2 

12.89 

11 

14 

Brooklyn,  Vic, 
Australia 

41.8 

12.89 

11 

15 

Brooklyn,  Vic, 
A us  tralia 

116.9 

12.89 

11 

16 

Dresser,  WI 

292.3 

15 

17 

Green  Peters 
Dam,  OR 

92.0 

Amygdaloidal , porphyritic. 

17 

18 

Howard  Prairie 
Dam,  OR 

194.0 

20 

19 

Idaho  and 
Washington 

118.1 

44 

20 

India 

68.3 

2.21 

Altered,  vesicular. 

7 

21 

John  Day 

355.0 

14.5 

At  502  of  failure,  massive. 

45 

22 

Jupia  Dam, 
Brazil 

108.7 

Compact,  porosity  2.12. 

10 

23 

Jupia  Dam, 
Brazil 

104.8 

10 

24 

Jurimirim  Dam, 
Brazil 

157.2 

Porosity  4.22. 

10 

25 

Jurimirim  Dam, 
Brazil 

133.0 

10 

26 

Knippa,  TX 

262 

297 

Confining  pressure  0 MPa. 

46 

27 

Knippa,  TX 

462 

297 

Confining  pressure  69  MPa. 

46 

28 

Knippa,  TX 

551 

297 

Confining  pressure  103  MPa. 

46 

29 

Little  Goose 

296.0 

11.1 

At  50%  of  failure. 

21 

30 

Lower  Granite 

228.0 

12.9 

At  502  of  failure. 

21 
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TABLE  2.4.  ULTIMATE  STRENGTH,  COMPRESSIVE  STRENGTH  AND  TENSILE  STRENGTH  OF  BASALT  (continued) 


Data 

Set 

No. 

Basalt  Type 
& Location 

Ultimate 

Strength, 

ault.  (MPa) 

Compressive 

Strength, 

a (MPa) 
c 

Tensile 
Strength, 
ac  (MPa) 

Temp . 
(K) 

Remarks 

Ref. 

No. 

Basalts  - (cont.) 

31 

Michigan 

344.0 

28.4 

Heavily  altered,  amygdaloidal. 

22 

32 

Michigan 

232.0 

Altered. 

22 

33 

Michigan 

81.9 

Altered. 

22 

34 

Michigan 

12.0 

14.6 

Altered,  amygdaloidal. 

22 

35 

Medford,  OR 

169.8 

Confining  pressure  0-41.6  MPa. 

22 

36 

Medford,  OR 

221.0 

Confining  pressure  0-41.6  MPa. 

22 

37 

Melhurb  Quarry, 
Brazil 

146.0 

Porosity  11.6%. 

10 

38 

Mussa  Quarry, 
Brazil 

172.1 

Porosity  5.7%. 

10 

39 

Mussa  Quarry, 
Brazil 

126.8 

10 

40 

South  Coulee 
Dam,  WA 

171.7 

7 

41 

South  Coulee 
Dam,  WA 

95.8 

Vesicular. 

7 

42 

South  Coulee 
Dam,  WA 

82.1 

7 

43 

South  Coulee 
Dam,  WA 

61.4 

Vesicular. 

7 

44 

Nevada  Test 
Site  (N.T.S.) 

144.5 

13.10 

24 

45 

Nevada  Test 
Site  (N.T.S.) 

148.0 

18.1 

At  50%  of  failure. 

25 

46 

(a) 

255.1 

9.65 

27 

47 

(a) 

73.77 

28 

(a)  Basalt  type  and  location  unknown. 


STRESS  RATE,  &,  MPa 
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ULTIMATE  STRENGTH,  cru,t  , MPa 

FIGURE  2.23.  EFFECT  OF  STRESS  ON  THE  FRACTURE  STRENGTH  OF  BASALT  [47]. 
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FIGURE  2.25.  TEMPERATURE  DEPENDENCE  OF  UNCONFINED  ULTIMATE  COMPRESSIVE 
STRENGTH  FOR  BASALTS  [48]. 
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e(t)  = e + e (t)  + A(t)  + 6t.( t ) 

Up  1 

where 

e(t)  = total  strain  (i.e.,  elastic  + creep) 

= instantaneous  strain  (elastic) 

Sp(t)  = primary  creep 

A(t)  = secondary  creep  (steady  state  creep) 

8^,(t)  = tertiary  creep  (See  Fig.  2.26) 

Since  rock  is  not  an  ideally  elastic  material,  its  behavior  is  usually 
complex  and  often  a function  of  the  mineral  composition.  This  complexity 
gives  rise  to  the  problem  that  it  is  often  difficult  to  characterize  a rock 
quantitatively  without  first  obtaining  stress-strain  relationships  over  the 
entire  range  of  the  conditions  anticipated.  Theoretical  modeling  of  the 
stress-strain  or  time-strain  behavior  is  greatly  hindered  by  the  variations  in 
environment  possible,  e.g.,  temperature,  pressure,  etc. 

Definitions  of  characteristics  of  time-dependent  properties  are  far  from 
universal  and  controversy  still  exists.  For  this  reason  nomenclature  will  be 
defined  here  and  hereafter  all  references  to  a particular  characteristic  will 
assume  these  definitions. 

Anelastic  Creep:  creep  fully  recoverable  with  time  once  load  is  removed. 

Creep : plastic  deformation  under  constant  load  showing  an  obvious  decreasing 

strain  rate. 


Creep  Rate:  the  slope  of  the  stress-strain  curve  in  the  creep  stage. 

Creep  Strain:  the  gradual  strain  observed  in  creep. 

Creep  Strength:  the  stress  in  a constant  stress,  constant  temperature  test 

that  will  produce  a specified  strain  in  a specified  time. 

Creep  Stress:  conventional  stress  in  a creep  test. 

Plastic  Creep  Limit:  implies  below  a certain  stress  all  creep  is  anelastic  (= 

fully  recoverable  with  time  once  load  is  removed),  whilst  above  it  creep 
is  partly  anelastic  and  partly  plastic. 

Plasticity:  behavior  of  a solid  material  once  the  elastic  limit  has  been 

exceeded  and  implies  permanent  non-recoverable  strain. 

Ultimate  Strength:  the  maximum  stress  immediately  prior  to  failure. 
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Yield  Point:  some  materials  show  a sudden  inhomogeneous  extension  at  constant 

load  in  their  stress-strain  curves  as  soon  as  the  elastic  limit  is 
exceeded. 

Yield  Strength:  to  circumvent  the  problems  associated  with  determining  the 

elastic  limit  accurately  for  materials  not  showing  a yield  point,  one 
normally  chooses  an  arbitrary  plastic  strain,  usually  0.2%,  and  quotes 
the  related  stress  as  the  yield  strength. 

Creep  is  determined  from  so-called  creep  tests  which  are  constant  stress 

tests.  These  tests  can  be  accomplished  in  several  modes:  namely,  in  bending, 

\ 

torsion,  compression,  or  tension.  Two  approaches  are  used  in  these  tests. 
One  is  to  load  the  specimen  and  subject  it  to  this  load  for  a long  period 
while  measuring  deformation  with  time.  The  other  is  to  load  the  specimen 
incrementally  and  measure  the  deformation  with  time  for  each  increment.  In 
all  these  cases,  steady  state  creep  is  required.  An  idealized  curve  for  rock 
at  constant  stress  is  shown  in  Figure  2.26. 

Primary  (transient)  and  secondary  (steady  state)  creep  represent  the  bulk 
of  the  creep  work  done  on  rock.  Generally,  empirical  equations  have  been 
developed  by  researchers  to  fit  the  time— strain  behavior  recorded  by  their 
experiments.  Numerical  methods  have  more  recently  been  used  to  achieve  fits 
for  experimental  data. 

Several  factors  influence  creep.  At  this  stage  it  is  not  our  intent  to 
delve  into  them  in  any  detail  other  than  just  to  mention  them.  They  are: 

1)  Nature  of  the  stress,  i.e.,  tensional  or  compressional , etc. 

2)  Level  of  stress  (relationship  between  creep-stress  is  not  necessarily 
linear) . 

3)  Confining  pressure  (increase  in  confining  pressure  decreases  creep 
rate) . 

4)  Temperature  (generally  an  increase  in  temperature  causes  an  increase 
in  creep  rate) . 

5)  Moisture  and  humidity  (creep  seems  to  increase  with  wetting). 

6)  Structural  effects  (variation  in  grain  size,  crystal  orientation 
produce  effects)  . 

2. 4. 4.1.  Creep  of  Rock  In— Situ 


Most  research  has  been  accomplished  on  rock  salt 


Several  creep 


Strain 
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FIGURE  2.26.  IDEAL  CREEP  CURVE  [49] 
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relationships  have  been  developed,  generally  for  underground  openings  or 
pillars  in  rock  salt  mines.  The  diversity  of  relationships  developed  tends  to 
lead  to  the  conclusion  that,  as  has  been  indicated  earlier,  the  mechanism  of 
creep  is  not  at  all  well  characterized  and  so  it  would  seem  prototype  modeling 
in  the  in-situ  case  is  still  the  best  way  to  go  if  creep  parameters  are 
required. 

2. 4. 4. 2.  Time  Dependent  'Strength' 

This,  arguably,  could  be  presented  under  the  section  entitled  'Strength.' 
However,  as  it  will  be  seen  later,  strength  will  be  defined  as  time 
independent  for  the  purposes  of  this  report,  although  there  is  a grey  area 
where  time  effects  overlap.  For  this  reason  it  is  probably  better  to  present 
data  as  stress-strain  or  time-strain  data  and  allow  the  user  to  select 
so-called  'strength'  values  for  his  particular  purpose.  Obviously,  neither  of 
these  two  forms  are  totally  independent  of  time  in  the  former  instance  and 
stress  in  the  latter  instance,  but  at  least  these  two  parameters  have  been 
'de-empha sized'  to  some  extent  due  to  the  nature  of  the  testing  being  used. 

Using  the  terminology  of  Price  [50],  this  section  deals  with  'long  term 
strength.'  This  'strength'  can  be  assessed  using  either  direct  or  or  indirect 
methods.  The  direct  method  is  iterative  in  nature  and  is  essentially  a 'trial 
and  error'  method.  It  required  that  several  creep  tests  be  done  at  differing 
loads  and  the  highest  load  at  which  no  failure  takes  place  enables  an 
assessment  of  the  'long  term  strength.'  This  method  is  conservative  and 
generally  only  approximate. 

2. 4. 4. 3.  Summary  of  Empirical  and  Phenomenological  Creep  Models 

A summary  of  these  models  is  presented  in  Figure  2.27  and  Table  2.5. 
Empirical  models  are  essentially  equations  that  have  been  found  to  fit 
experimentally  obtained  creep  data.  Provided  that  the  conditions  and 
assumptions  under  which  they  were  obtained  are  met,  they  can  probably  be  used 
to  predict  creep  behavior. 

Phenomenological  models,  on  the  other  hand,  seek  to  express  the  creep 
behavior  of  materials  in  terms  well  known  mechanical  concepts  such  as  the 
spring  representing  perfectly  elastic  behavior,  the  dashpot  representing 
perfectly  viscous  behavior,  and  finally  the  friction  block  representing 
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FIGURE  2.27.  PHENOMENOLOGICAL  MODELS  FOR  CREEP  [51]. 
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Rock  salt  and  others  Boresi  and  Deere  [62].  K,  n,  and  m are 

specific  for  each  rock  type. 
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perfectly  plastic  behavior.  Combinations  of  these  three  basic  components, 
however,  are  required  to  model  the  behavior  of  real  materials  and  here  lies  a 
problem.  Combinations  of  these  simple  models  become  rather  complicated  and, 
therefore,  are  difficult  to  handle  mathematically.  This  represents  a serious 
drawback  and,  hence,  the  popularity  of  empirical  methods. 

It  should  be  stated,  however,  that  there  is  certainly  no  universal 
agreement  amongst  the  models  within  each  model  type  group  nor  is  there  between 
the  two  model  type  groups,  i.e.,  empirical  and  phenomenological.  This  is 
another  reason  why  empirical  modeling  is  popular  - it  is  not  subject  to 
constraints  imposed  by  theory  provided  the  final  operating  environment  can  be 
adequately  physically  modeled. 

No  data  specifically  related  to  basalt  has  been  isolated,  although 
general  empirical  equations  can  probably  be  used  with  some  success  provided 
the  equation  is  selected  carefully.  Some  of  these  equations  are  presented  in 
Table  2.5. 


2.5.  HARDNESS 

Several  measures  of  hardness  exist,  some  of  them  being  developed  for 
metallurgical  purposes.  Certain  scales,  some  of  them  borrowed  from 
metallurgy,  have  been  utilized  to  describe  the  hardness  of  rocks. 

Rock  hardness  measurements  can  be  divided  into  two  basic  groups;  namely; 
indentation  and  rebound  measurements.  In  the  former  case  scratch  hardness  and 
formal  indentation  are  included.  Mohs  scale  is  a scratch  hardness  system  in 
which  a suite  of  standard  minerals,  each  harder  than  its  preceding 
counterpart,  are  used  to  delineate  the  hardness  range  in  which  a given  rock  or 
mineral  lies.  This  is  a standard  technique  and,  while  qualitative,  it  is 
simple  and  probably  the  most  commonly  used  hardness  system  for  minerals. 

Vickers  microhardness  is  an  indentation  hardness  system.  Here  an 
inverted  diamond  pyramid  tipped  probe  falling  a specific  distance  at  a 
specific  rate  creates  a pit  the  shape  of  the  tip.  The  size  of  the  pit  is 
measured  and  compared  to  a calibration  chart  to  obtain  the  microhardness. 

Rebound  hardnesses  commonly  used  are  the  Schmidt  hammer  hardness  and  the 
Shore  scleroscopic  hardness. 


The  Shore  scleroscope  consists  of  a diamond 
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tipped  hammer  that  falls  a measured  distance  and  rebounds  off  the  surface  of 
the  rock.  The  height  of  the  rebound  is  measured  and  used  to  obtain  the 

hardness.  The  Schmidt  hammer  is  somewhat  similar  although  more  easily  used 

since  it  is  more  readily  carried  around.  Rebound  readings  are  converted 
directly  to  compressive  strength  on  the  hammer  which  is  another  advantage. 
Such  conversions  from  hardness  to  compressive  strength,  however,  are  at  best 
unreliable  since  they  are  heavily  dependent  on  the  grain  size  of  the  rock  and 
the  mineral  grains  in  contact  with  the  end  of  the  hammer.  Furthermore,  grain 
boundaries  do  not  give  the  same  readings  as  nongrain  boundary  contact  areas 
do. 

Some  difficulty  has  been  encountered  in  obtaining  hardness  data.  This  is 
probably  due  to  the  fact  that  the  previously  held  belief  that  hardness  could 
be  related  to  compressive  strength  has  been  largely  discarded  as  unreliable. 
Furthermore,  the  character  of  the  rock  (e.g.,  vesicular  basalt)  makes  testing 
difficult  due  to  physical  characteristics  like  friability.  Data  are  presented 
in  Table  2.6. 


TABLE  2.6.  HARDNESS  OF  BASALT 


Rock  Type 

Shore 

Reference 

and  Location 

Hardness 

Number 

Dresser 

95.0 

47 

- 

93.2 

47 

— 

94.2 

47 

2.6.  POROSITY  AND  PERMEABILITY 
2.6.1.  Porosity 

Porosity  is  defined  as  the  ratio  of  the  volume  of  internal  open  spaces 
(pores  or  voids)  to  the  bulk  volume  of  the  rock.  It  can  also  be  expressed  in 
terms  of  grain  density  and  the  dry  density  of  the  rock. 

Factors  which  generally  influence  the  porosity  of  rocks  are: 

1)  Size  distribution  of  grains 

2)  Shape  of  grains 
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3)  Solidity  of  grains 

4)  Orientation  of  grains 

5)  Degree  of  compaction 

6)  Amount  of  nongranular  material  in  pores  or  coating  of  grains 

Pores  are  either  interconnected  and  open  to  the  exterior  or  closed  (isolated) 
and  not  connected  to  the  exterior.  Different  terminology  applies  to  these  two 
cases.  When  only  interconnected  open  pores  are  considered,  the  porosity  is 
known  as  apparent  porosity.  When  both  open  and  isolated  pores  are  considered, 
the  value  obtained  is  termed  total  porosity. 

If  at  least  two  of  the  three  forms  of  volumes  (for  example,  grain  volume, 
pore  volume,  and  bulk  volume)  are  known,  one  can  calculate  porosity.  Methods 
of  obtaining  these  volumes  are  cited  in  several  sources  and  will  not  be 
discussed  here.  Porosity  has  the  effect  on  the  mechanical  properties  of  rocks 
that  all  strength  properties  decrease  with  increase  in  porosity  because: 

1)  Stress  concentration  caused  on  the  boundary  of  the  pores  reduces  the 
strength. 

2)  Decrease  in  the  bearing  area  of  the  rock  causes  decrease  in  strength. 

3)  Pores  may  be  filled  with  water  or  some  other  liquid  which  may  help  in 
crack  propagation  by  reaction  at  the  points  of  stress  concentration  by 
reducing  its  surface  energy. 


2.6.2.  Permeability 


Permeability  is  a function  of  the  porosity  of  rock  and  can  be  calculated 
from  the  following  relationship: 


k = 11  a TirVs' 1 9-7 1 10‘4 


where : 

k = permeabiity  in  cm  s ^ 

q = viscosity  of  fluid  in  centipoise  at  ambient  temperature 

3 -1 

q = volume  of  fluid  in  cm  s flowing  through  specimen 
L = length  of  specimen,  cm 

2 

A = cross-sectional  area,  cm 

P^  = absolute  pressure  at  point  of  entry 

Pq  = absolute  pressure  at  point  of  exit 


Fluid  is  transmitted  throughout  a rock  by  interconnecting  pores.  The 
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fact  that  a rock  is  porous  does  not  imply  that  it  is  permeable  since  closed 
pores  (not  interconnected  with  the  external  surface)  do  not  allow  the  passage 
of  fluids. 

Permeability  can  be  a highly  anisotropic  property;  for  instance,  radial 
permeability  may  vary  greatly  from  longitudinal  permeability  within  a rock. 
Another  point  to  consider  is  the  permeating  medium.  Permeability  is  obviously 
going  to  vary  with  fluid  viscosity.  Generally  speaking,  laboratory  tests  are 
of  two  basic  kinds;  namely,  either  gas  permeability  tests  or  liquid 
permeability  tests.  Each  of  these,  in  turn,  can  usually  be  broken  down  into 
radial  or  longitudinal  tests. 

In-situ  tests  are  generally  much  better  indications  of  rock  mass 
permeability  since  they  take  into  account  the  effects  of  fractures  within  the 
mass.  Two  conditions  exist  in-situ,  one  being  the  fully  saturated  case  and 
the  other  the  unsaturated  case.  Water  is  pumped  from  the  ground  via  a 
borehole  in  the  former  case.  The  reverse  is  true  in  the  latter  since  water 
has  to  be  pumped  into  the  ground. 

More  recent  methods  use  radioactive  isotope  tracer  techniques.  These  are 
introduced  into  water  at  one  location  and  their  arrival  time  at  another  point 
is  noted.  Isotopes  with  very  short  half  lives  are  chosen  so  as  not  to 
contaminate  ground  water. 

Porosity  and  permeability  data  are  presented  together  in  Table  2.7  since 
permeability  is  a function  of  porosity. 
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TABLE  2.7.  POROSITY  AND  PERMEABILITY  OF  BASALT a 


Basalt  Type  Permeability  Porosity  Ref. 

and  Location  (cm  s”*)  (%)  emar  s No. 


Andesite-Basalt 

1.  Bakuriani 

Georgia,  USSR 

Basalts& 

1.  Armenia,  USSR 

2.  Armenia,  USSR 

3.  Armenia,  USSR 

4.  Barra  Bonita  Dam, 

Brazil 

5.  Dresser,  VI 
Dresser,  VI 

6.  Germany 

7.  Jnpia  Dam,  Brazil 

8.  Jnrimirim  Dam, 

Brazil 

9.  Melhurb  Quarry, 

Brazil 

10.  Mussa  Quarry, 

Brazil 

11. 

12. 

13. 

14. 

15. 

16. 


21.86 


5.0 

4.0 

6.0 

1.4 

0.16 

0.15 

1.49 

2.1 

4.2 

11.6 

5.7 

9.4  x 10“6  17.0 

0.047 
15.0 
4. 4-5. 6 
0.8 

1.4  x 10  7.7 


3 


Dry 

38 

Dry 

38 

Dry 

38 

Compact 

10 

67 

67 

68 

Compact 

10 

10 

10 

10 

13 

43 

44 

68 

68 

Moderately  dense 

69 

aBasalt  type  and  location  for  basalts  11  through  16  are  not  given. 
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2.8.  SYMBOLS  AND  UNITS,  AND  CONVERSION  FACTORS 
2.8.1.  Symbols  and  Units 


Symbol 

A 

E 

G 

H 

K 

1/K 

k 

P 

P 

V 
P 

V 

s 

s 

s 

P 

P 


a 

a 

c 


Name 

cross-sectional  area 

Young's  modulus;  modulus  of  elasticity 

shear  modulus;  modulus  of  rigidity 

shore  hardness 

bulk  modulus 

compressibiity 

permeability 

confining  pressure 

porosity 

longitudinal  wave  velocity;  compressional  wave 
velocity;  P wave  velocity 

transverse  wave  velocity;  shear  wave  velocity; 
S wave  velocity 

strain 

strain  rate 

viscosity 

Poisson's  ratio 

density 

normal  stress 

compressive  strength 

tensile  strength 

ultimate  strength 

major  principal  stress 

minor  principal  stress 

shear  stress 


Unit 


2 

cm 

GPa 

GPa 


GPa 

GPa 


cm  s 
GPa 


km  s 


-1 


, -1 
km  s 

in/ in 

-1 


centipoise 

dimensionless 

-3 

g cm 

GPa 

MPa 

MPa 

MPa 

GPa 

GPa 

GPa 


x 
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2.8.2.  Conversion  Factors 


Pressure 


To  convert  from 

to 

Multinlv  bv 

MPa 

lb  in  * (psi) 

1.45138  x 102 

MPa 

kbar 

1 x 10~2 

GPa 

-2 

lb  in  (psi) 

1.45138  x 105 

GPa 

kbar 

10 

kbar 

10  x 103 

Density 

To  convert  from 

to 

Multinlv  bv 

. -3 

kg  * m 

lb  • ft"3 

0.06243 

, -3 

kg  • m 

-3 

g * cm 

1 x 10-3 

Temperature 

To  convert  from 

to 

Subtract 

K 

°C 

273.15 
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3.1.  INTRODUCTION 

The  data  and  information  for  the  thermophysical  properties  (thermal  con- 
ductivity, thermal  linear  expansion,  specific  heat,  and  thermal  diffusivity) 
of  basalt  are  presented  and  discussed.  Even  though  there  have  been  extensive 
measurements  made  on  basalts  from  various  locations,  it  is  still  difficult  to 
generate  recommended  values  in  many  cases,  which  arises  from  the  very  poorly 
characterizable  nature  of  rocks  and  from  the  large  variations  in  the  mineral- 
ogical  compositions  in  the  basalt  samples  from  various  locations.  The  basalt 
samples  for  which  the  properties  were  reported,  in  many  cases,  were  poorly 
characterized  and,  as  a result,  the  large  variations  in  these  properties  could 
not  be  adequately  explained.  Because  of  these  difficulties,  experimental  data 
and  information  for  each  of  the  properties  are  given  in  graphical  and  tabular 
forms  in  their  respective  sections.  Some  attempt  has  been  made  to  analyze  the 
data  wherever  possible. 

Preceding  the  presentation  and  discussion  of  the  data,  a brief  review  of 
the  method  for  the  measurement  of  the  various  thermophysical  properties  is 
given . 


3.2  REVIEW  OP  MEASUREMENT  METHODS  FOR  THERMOPHYSICAL  PROPERTIES 


Several  experimental  methods  and  their  modifications  for  measuring  the 
thermophysical  properties  of  solids  have  been  developed.  Only  the  methods 
which  are  used  for  measuring  thermophysical  properties  of  rocks  are  briefly 
described  below.  For  comprehensive  reviews  of  experimental  methods,  the 
reader  is  referred  to  the  reference  works  on  thermal  conductivity  [1,2], 
thermal  expansion  [3-5],  specific  heat  [6,7],  and  thermal  diffusivity  [2,9]. 

3.2.1.  Methods  for  Thermal  Conductivity  Measurements 

The  methods  for  the  measurement  of  the  thermal  conductivity  of  rock  can 
be  classified  into  two  categories:  the  steady  state  and  the  non-steady  state 

methods . 

3. 2. 1.1.  Steady  State  Methods 

In  steady  state  methods,  the  test  specimen  is  subjected  to  a steady  heat 
flow  and  a temperature  gradient  which  is  time  invariant.  The  thermal 
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conductivity  is  determined  by  measuring  the  rate  of  heat  flow  per  unit  area 
and  the  temperature  gradient  across  the  specimen.  Some  of  the  most  commonly 
used  steady  state  methods  are  described  below. 


In  the  'longitudinal'  method  the  flow  of  heat  is  restricted  in  the  axial 
direction  of  a rod  (or  disk)  specimen.  The  radial  heat  loss  or  gain  is 
prevented  or  minimized  and  evaluated.  The  thermal  conductivity  is  then 

determined  from  the  equation 


v = _ q/A  = M* 

AT/ Ax  AAT 


(3.1) 


where  k is  the  average  thermal  conductivity  corresponding  to  the  temperature 
1/2  (T^+T^),  AT  = T^-T^,  q is  the  rate  of  heat  flow,  A is  the  cross-sectional 
area  of  the  specimen,  and  Ax  is  the  distance  between  points  of  temperature 
measurements  for  T^  and  T^. 

This  method  can  be  further  divided  into  absolute  and  comparative  methods 
according  to  the  means  of  measuring  the  heat  flow.  In  the  absolute  method, 
the  rate  of  heat  flow  is  directly  determined,  while  in  the  comparative  method 
the  rate  of  heat  flow  is  calculated  from  the  temperature  gradient  over  a 
reference  standard  sample  of  known  thermal  conductivity  which  is  placed  in 
series  with  the  specimen. 


Most  of  the  specimens  used  in  the  'radial'  method  are  in  the  form  of  a 
cylinder  with  a coaxial  central  hole  containing  a heater  or  a heat  sink.  The 
thermal  conductivity  is  calculated  from  the  expression 


q in 

2rr  L(T1-T2) 


(3.2) 


where  L is  the  length  of  the  central  heater  and  T^  and  T^  are  temperatures 
measured  at  radii  r^  and  r respectively. 

A variant  of  this  method  is  the  concentric  cylinder  method,  which  is  used 
mainly  to  measure  the  thermal  conductivity  of  a loose-filled  material  such  as 
soil.  This  method  can  be  comparative  by  using  a cylindrical  specimen 
surrounded  by  a concentric  cylindrical  reference  standard  sample  of  known 
thermal  conductivity. 

The  essential  part  of  the  'Thermal  Comparator'  is  an  insulated  probe  with 
a projecting  tip.  The  probe  is  integral  with  a thermal  reservoir  held  at  a 
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temperature  about  15  to  20  degrees  above  room  temperature.  A surface  thermo- 
couple is  mounted  at  the  tip  of  the  probe  and  is  differentially  connected  to 
the  thermal  reservoir  for  the  measurement  of  the  temperature  difference 
between  the  reservoir  and  the  tip. 


In  operation,  the  probe  is  gently  placed  on  the  surface  of  the  test 
material.  Upon  contact  of  the  probe  tip  of  known  thermal  conductivity  k^  and 
originally  at  temperature  with  the  surface  of  the  test  material  of  thermal 
conductivity  k^  and  at  room  temperature  T^,  the  temperature  of  the  probe  tip 
drops  quickly  to  an  intermediate  temperature  T,  given  by  the  expression 


T - T = (T  -T  ) — 

1 Vil  V kx+k2 


(3.3) 


This  temperature  difference  is  registered  by  the  emf  reading  of  the 
differential  thermocouple  after  a brief  transient  period  (1  to  2 seconds)  has 
elapsed. 

From  the  emf  readings  of  tests  on  a series  of  reference  standard  samples 
of  known  thermal  conductivity,  a calibration  curve  is  obtained,  and  the 
thermal  conductivity  of  an  unknown  specimen  can,  thus,  be  determined  from  the 
emf  reading  through  the  calibration  curve. 

3 .2.1.2.  Non-Steady  State  Methods 

In  non-steady  state  methods,  the  temperature  distribution  in  the  specimen 
varies  with  time.  The  rate  of  temperature  change  at  certain  positions  along 
the  specimen  is  measured  in  the  experiment.  Few  of  the  non-steady  state 
methods  determine  the  thermal  conductivity  directly,  and  most  of  them 
determine  the  thermal  diffusivity,  from  which  the  thermal  conductivity  is 
calculated  with  an  additional  knowledge  of  the  density  and  specific  heat  of 
the  test  material.  In  this  subsection,  only  the  line  heat  source  and  probe 
methods  which  determine  the  thermal  conductivity  directly  are  discussed. 
Those  transient  heat  flow  and  periodic  heat  flow  methods  which  determine  the 
thermal  diffusivity  will  be  discussed  in  the  next  section. 

In  the  'line  heat  source'  method  a long  thin  heater  wire,  which  serves  as 
a line  heat  source,  is  embedded  in  a large  specimen  initially  at  uniform 
temperature.  The  heater  provides  a constant  heat,  q,  per  unit  time  and 
length,  and  the  temperature  at  a point  in  the  specimen  is  recorded  as  a 


5 


function  of  time.  The  thermal  conductivity  is  given  by  the  expression 


q _ 

k ” 4n  (Tj-T^  £n  t 

where  and  are  the 
respectively. 


2 

1 


temperatures  measured  at  the 


(3.4) 


times 


and  t2. 


The  'probe'  method  is  a more  practical  line  heat  source  method  in  which 
the  line  heat  source  is  enclosed  inside  a probe  for  protection  and  for  easy 
insertion  into  a sample.  This  method  can  be  used  for  field  measurements  of 
the  thermal  conductivity  of  rock  and  soil. 


3.2.2.  Methods  for  Thermal  Linear  Expansion  Measurements 

The  thermal  linear  expansion,  AL/L,  is  the  total  length  change  from  a 
reference  temperature  to  a given  temperature  per  length  at  reference  tempera- 
ture. 293  K is  used  as  the  reference  temperature.  The  coefficient  of  thermal 
linear  expansion,  0,  is  the  temperature  derivative  of  the  thermal  linear 
expansion.  Thus,  they  are  given  by  the  expressions: 


A L = LT~L293 
L0  L293 


(3.5) 


"293 


dL 

dT 


(3.6) 


A number  of  different  methods  for  measuring  the  thermal  linear  expansion  of 
solids  were  developed  during  the  last  50  years.  A variety  of  methods  and 
modifications  are  required  for  various  classes  of  materials.  Among  the 
methods  used  for  rocks,  the  dilatometric  method,  which  is  of  intermediate 
sensitivity,  is  the  most  commonly  used.  The  interferometric  method  is  one  of 
the  most  accurate  methods  used  in  research  laboratories  with  small  specimens 
of  very  low  thermal  conductivity. 

3. 2. 2.1.  Interferometer 

The  most  outstanding  early  method  of  any  notable  precision  was  due  to 
Fizeau  [9,10].  This  method  was  significantly  modified  in  recent  years 
[11-14] . In  this  method  the  specimen  is  placed  vertically  between  two 
transparent  fused  quartz  plates,  each  about  4 mm  thick  and  reasonably  free 
from  any  imperfections.  The  surfaces  of  each  plate  should  be  flat  within  one- 
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fifth  of  a fringe  and  inclined  to  each  other  at  an  angle  of  20'  of  arc.  This 
is  set  in  an  electric  furnace  or  a cooling  chamber.  When  plates  are 
illuminated  normally  with  monochromatic  light,  a set  of  interef erence  fringes 
is  produced  by  the  interference  of  light  reflected  between  the  lower  surface 
of  the  upper  plate  and  upper  surface  of  lower  plate.  The  fringes  are  observed 
by  means  of  a viewing  device.  Changing  the  temperature  of  the  specimen  brings 
about  a change  in  length  which  causes  a corresponding  movement  of  the 
interference  fringes  past  a reference  mark  on  the  lower  surface  of  the  upper 
plate.  From  observed  displacement  of  the  fringes,  the  thermal  linear 
expansion  can  be  determined  from  the  expression: 


AL  _ XN  , A 
L 2L  L 


(3.7) 


where  L is  the  initial  length  of  the  specimen,  AL  is  the  change  in  length, 

X is  the  wavelength  of  monochromatic  light,  N is  the  number  of  fringes  that 
passed  the  reference  mark,  and  A is  the  correction  if  the  specimen  is  heated 
or  cooled  in  other  than  vacuum. 

3. 2. 2. 2.  Dilatometer 


This  consists  of  a quartz  tube  used  to  support  the  specimen  and  a fused 
quartz  rod  to  transmit  the  specimen's  dimensional  change  with  temperature  to  a 
dial  recorder.  Quartz  is  used  because  of  its  low  thermal  expansion. 
Extensometer  is  used  for  measuring  length  changes  over  a length  of  at  least 
0.05  inches.  Dial  indicator  and  linear  variable  transformer  are  used  the  most 
for  measuring  length  changes,  but  many  other  types  like  optical  levers,  strain 
gauge,  and  optical  gratings  are  also  used. 


The  push-rod  dilatometer  method  for  measuring  thermal  expansion  is 
experimentally  simple,  reliable,  and  easy  to  automate  [1].  With  this  method, 
the  expansion  of  the  specimen  is  transferred  out  of  the  heated  zone  to  an 
extensometer  by  means  of  rods  (or  tubes)  of  some  stable  material.  The 
expansion  of  the  specimen  is  given  by 


(AL) 


(3.8) 


where  (AL)  is  the  apparent  change  in  length  as  calculated  from  the  difference 

2L 

between  the  extensometer  readings  at  two  different  temperatures,  and  c^  and  c^ 
are  calibration  constants  for  the  system.  If  the  reference  rod  is  made  the 
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same  length  as  the  push  rod  and  a second  specimen  placed  on  the  base  plate, 
the  dilatometer  will  measure  the  difference  between  the  specimens  [16] . The 
difference,  or  differential  expansion,  is  given  by 


(AL) 


(AL) 


(AL) 


= c 


0 L, 


+ c. 


(3.9) 


When  used  this  way  the  dilatometer  can  have  a very  high  sensitivity.  This 
technique  is  also  very  useful  for  quality  control  measurements  and  for 
studying  phase  transitions. 

One  of  the  most  common  sources  of  error  in  using  dilatometers  is  the 
measurement  of  temperature.  All  too  often  the  temperature  that  is  measured  is 
not  the  temperature  of  the  specimen.  If  a thermocouple  is  used,  care  must  be 
taken  to  ensure  that  its  junctions  and  specimen  are  at  the  same  temperature; 
they  can  be  at  different  temperatures  even  if  in  contact  with  each  other. 
Another  common  source  of  error,  especially  for  flexible  materials  or  materials 
near  their  softening  temperatures,  is  deformation  under  the  load  of  the  push 
rod.  Special  techniques  such  as  increasing  sample  diameter,  reducing  push  rod 
pressure,  and  using  horizontal  mounts  must  be  used  for  these  soft  materials. 

The  uncertainty  of  this  method  depends  on  the  quality  of  the  push  rod 
used  and  precision  of  construction.  Results  of  two  or  three  percent 
uncertainty  may  be  achieved  routinely. 


3.2.3.  Methods  for  Specific  Heat  Measurements 

The  specific  heat,  c^,  is  the  amount  of  energy  required  to  raise  the 
temperature  of  one  unit  of  mass  by  one  unit  of  temperature  at  constant 
pressure.  There  are  several  methods  for  the  practical  and  precise 
determination  of  the  specific  heat  of  solids.  Many  variants,  modifications, 
and  improvements  are  reported  in  the  literature.  The  most  commonly  used 
methods  for  rock  are  as  follows. 

3. 2. 3.1.  Drop  Isothermal  Water  Calorimeter 

In  the  drop  isothermal  water  calorimeter  method  the  specimen  is  heated 
and  dropped  directly  into  the  calorimeter  containing  water  and  enclosed  in  an 
isothermal  jacket.  The  top  is  covered  by  copper  plates.  The  water  is  stirred 
to  ensure  a uniform  temperature.  The  rise  of  temperature  is  measured 
accurately.  The  enthalpy  change  of  the  specimen  is  determined  from  the  known 
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heat  capacity  of  the  calorimeter  and  its  temperature  rise,  and  the  specific 
heat  is  given  by  the  expression 


_ d (HT  H298.15) 
Cp  dT 


(3.10) 


where  H is  the  enthalpy  of  the  specimen. 

3. 2. 3. 2.  Drop  Copper  Block  Calorimeter 

In  the  drop  copper  block  calorimeter  method  the  sample  is  heated  within  a 
capsnle  of  known  heat  content  in  a furnace  to  a measured  temperature  and 
dropped  into  a copper  calorimeter  whose  heat  capacity  has  been  previously 
determined.  The  temperature  of  calorimeter  is  measured  using  a special  bridge 
network  of  copper  and  manganin  resistances.  The  heat  released  from  the 
specimen  is  distributed  to  the  copper  calorimeter.  The  change  in  enthalpy  of 
the  specimen  is  measured  in  terms  of  the  amount  of  heat  absorbed  by  the  copper 
block  in  changing  from  its  initial  to  final  temperature.  Thus, 

CP  " « <HT-B298.15>  (3-n) 

3. 2. 3. 3.  Adiabatic  Calorimeter 


The  adiabatic  calorimeter  method  is  suited  for  granular  materials,  fine 
powders,  and  materials  with  low  thermal  diffusivity  and  thermal  conductivity. 
The  calorimeter  consists  of  a thin-walled,  spherical  shell  made  of  two  copper 
hemispheres  welded  together.  At  the  center  of  this  shell  a heater  element  is 
placed  which  is  made  of  a hollow  copper  sphere  of  5 mm  wall  thickness 
enclosing  the  electrical  heater  coil  wound  onto  a ceramic  sphere.  During  the 
measurement,  the  gap  between  the  two  spheres  is  filled  with  test  material 
which  is  introduced  into  the  gap  through  a hole  at  the  bottom  of  the 
calorimeter.  The  calorimeter  is  surrounded  by  a thermostat  made  of  a thick- 
walled  copper  sphere  heated  electrically  and  regulated  very  sensitively  to 
follow  the  surface  temperature  of  the  calorimeter.  The  thermostat  and  guard 
heaters  are  adjusted  to  heat  up  the  instrument  to  a desired  temperature.  As 
soon  as  this  is  reached,  the  power  input  is  reduced  until  it  just  compensates 
the  heat  loss.  The  calorimeter  itself  follows  the  temperature  change  more 
slowly.  Heater  element  on  the  calorimeter  is  turned  on.  Enough  time  is 
allowed  to  check  that  the  temperature  of  all  parts  of  the  calorimeter 
increases  at  the  same  rate.  The  time  needed  to  increase  the  temperature  by  a 
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fixed  millivolt  increment  is  measured  to  get  the  heat  capacity  of  the 
calorimeter.  The  calorimeter  is  then  filled  with  the  specimen  and  the 
experiments  are  repeated.  Knowing  the  heat  capacity  of  the  calorimeter,  the 
heat  capacity  of  the  specimen  can  be  derived  as  follows: 


c = i <LQ/_dt  _ w 

p m dT/dt  c 


(3.12) 


where  dQ/dt  is  the  heat  input  per  unit  time,  W is  the  specific  heat  of  the 

c 

calorimeter,  and  m is  the  mass  of  the  specimen. 


Additional  discussion  of  the  precision  and  accuracy  attainable  with 
adiabatic  calorimeters  is  reported  by  Schmidt  and  Leidenfrost  [17]. 


3.2.4.  Methods  for  Thermal  Diffusivity  Measurements 

The  method  used  for  the  measurement  of  thermal  diffusivity  fall  into  two 
major  categories:  the  transient  heat  flow  and  the  periodic  heat  flow  methods. 

These  methods  can  also  be  subdivided  into  longitudinal  and  radial  methods 
according  to  the  direction  of  heat  flow. 

3. 2. 4.1.  Transient  Heat  Flow  Methods 


In  'transient  heat  flow'  methods  heat  is  suddenly  added  to  or  removed 
from  a specimen  initially  at  a uniform  temperature  and  the  thermal  diffusivity 
is  determined  from  a measurement  of  the  temperature  as  a function  of  time  at 
one  or  more  points  along  the  specimen. 

In  the  'longitudinal  method'  one  end  of  a rod  of  uniform  cross  section 
and  initially  at  a uniform  temperature  is  subjected  to  a short  heating  pulse, 
and  the  thermal  diffusivity,  a,  is  calculated  from  a measurement  of  the 
temperatures  as  a function  of  time  at  properly  chosen  points  along  the  rod. 
The  one-dimensional  heat  flow  equation 


3T 

at 


(3.13) 


may  be  used  for  the  calculation  with  boundary  conditions  applying  to  a finite 
rod. 

In  a variant  of  this  method,  steady  heating  is  provided  at  one  end  of  a 
rod  and  the  temperatures  as  a function  of  time  at  two  or  more  points  along  the 
rod  are  observed. 
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Although  the  'flash'  method  is  a variant  of  the  longitudinal  transient 
heat  flow  method  using  a small  thin  disk  specimen  geometry,  it  has  a very 
special  feature  which  makes  it  a class  of  its  own.  In  the  'flash'  method,  a 
flash  of  thermal  energy  is  supplied  to  one  of  the  surfaces  of  a disk  specimen 
within  a time  interval  that  is  short  compared  with  the  time  required  for  the 
resulting  transient  flow  of  heat  to  propagate  through  the  specimen. 

In  the  measurement,  a heat  source  such  as  flash  tube  or  laser,  supplies  a 
flash  of  energy  to  the  front  face  of  a thin  disk  specimen  and  the  temperature 
as  a function  of  time  at  the  rear  face  is  automatically  recorded.  Heat  losses 
are  minimized  by  making  the  measurement  in  a time  so  short  that  little  cooling 
can  occur.  The  thermal  diffusivity  is  calculated  from  the  expression 

o = (U3SLLi  (3.14) 

1/ 2 

where  L is  the  sample  thickness  and  t-^/2  is  the  time  required  for  the  rear 
surface  to  attain  half  its  maximum  increase  in  temperature. 

In  the  'radial  method'  a long  cylindrical  specimen,  initially  at  uniform 
temperature,  is  heated  either  at  the  axis  or  at  the  outer  surface  and  the 
temperatures  as  a function  of  time  at  different  radial  distances  are  measured. 

If  the  outer  surface  of  a long  hollow  cylindrical  specimen  of  inner 
radius,  r^,  is  heated  at  a constant  rate  and  the  temperatures,  and  T^,  at 

two  radii,  r^  and  r^,  within  the  specimen  are  measured,  the  thermal 
diffusivity  is  given  by  the  expression 


1 31  1 , 2_  2, 

2 (T2-T  ) at  2 U2  ri  ' 


(3.15) 


The  above  equation  assumes  that  the  specimen  is  isotropic  and  homogeneous, 
with  a independent  of  T and  that  3T/3t  is  constant  and  there  is  no  internal 
loss  of  heat. 

In  another  variant  of  this  method,  a solid  cylindrical  specimen  is  placed 
within  a heated  enclosure  and  fitted  with  end  guards  to  ensure  that  all  heat 
flows  radially  inwards.  The  specimen  is  heated  rapidly  by  a constant  source 
of  power  and  temperatures  are  measured  at  two  points  at  the  longitudinal 
center  of  the  specimen  with  radii  of  r^  and  r^ . For  times  sufficiently  long 
for  a linear  rate  of  temperature  increase  to  be  established 
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a 


2 2 
r2  rl 

4 ‘W 


(3.16) 


where  t^-t^  *s  t^ie  t^me  interval  between  the  attainment  of  a specific 
temperature  at  r^  and  r^. 

3. 2. 4. 2.  Periodic  Heat  Flow  Methods 

In  periodic  heat  flow  methods,  the  heat  supplied  to  the  specimen  is 
modulated  to  have  a fixed  period.  The  resulting  temperature  wave  which 
propagates  through  the  specimen  with  the  same  period  is  attenuated  as  it  moves 
along.  Consequently,  the  thermal  diffusivity  can  be  determined  from 
measurements  of  the  amplitude  decrement  and/or  phase  difference  of  the 
temperature  waves  between  certain  points  in  the  specimen.  In  most  of  the 
periodic  heat  flow  methods,  heat  flow  is  in  the  longitudinal  (axial) 
direction.  However,  methods  with  heat  flow  in  the  radial  direction  have  also 
been  used. 

The  'longitudinal  periodic  heat  flow'  method  was  first  developed  by 
Angstrom  and  is,  therefore,  called  the  Angstrom  method.  In  his  first 
experiments,  the  middle  of  a long  rod  was  subjected  to  periodic  heating  and 
cooling  for  equal  time  periods  and  the  temperatures  as  a function  of  time  at 
two  points  on  the  same  side  of  the  middle  of  the  rod  were  measured.  Angstrom 
showed  that 


k = rrL2 
dc  td  In  6 


(3.17) 


P 

where  d is  density,  c is  the  specific  heat  at  constant  pressure,  L is  the 

P 

distance  between  the  two  observation  points,  t is  the  period  of  the 

temperature  wave,  6 is  the  phase  lag  of  the  temperature  fluctuations  at  the 

two  points,  and  6 is  the  amplitude  ratio  of  the  temperatures  at  these  points. 

At  that  time,  the  quantity  a = k/dc  had  not  been  defined. 

P 


A long  rod  could  equally  well  be  heated  and  cooled  periodically  at  one 
end  as  has  been  done  in  most  later  applications  of  this  method.  Angstrom's 
original  method  was  improved  and  modified  subsequently  and  several  versions  of 
the  'Modified  Angstrom  Methods'  have  since  been  reported. 


The  Angstrom  method  which  uses  a long  rod  has  its  limitations.  In  some 
cases,  specimens  in  the  form  of  long  rods  may  not  be  available,  and  in  other 
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cases,  such  as  in  the  measurements  on  poor  conductors  at  high  temperatures, 
heat  guarding  to  prevent  lateral  heat  losses  for  a long  rod  may  be  difficult. 
Consequently,  methods  using  specimens  in  the  form  of  small  plate  or  disk  have 
also  been  developed. 

In  the  'radial  method'  the  specimen  in  the  form  of  a cylinder  is  heated 
by  a heat  source  capable  of  producing  a periodical  temperature  variation 
either  at  the  axis  or  at  the  circumference  and  the  radial  temperature 
variations  with  time  are  measured.  The  thermal  diffusivity  may  be  calculated 
from  the  phase  change  of  the  temperature  oscillations  or  from  the  amplitude 
variation  of  the  oscillations  with  frequency. 

3.3.  THERMAL  CONDUCTIVITY 

There  are  over  100  data  sets  available  for  the  thermal  conductivity  of 
basalt  [18-41,74]  obtained  by  measurements  on  a variety  of  basalts  from 
various  locations.  Basalt  samples  used  in  the  above  studies  range  from  simu- 
lated lunar  material  to  mountains  of  Washington  State  (Hanford  Site  basalts)  . 
These  can  be  divided  into  three  major  categories:  Dresser  basalt  (data  sets 

5-9,  30,  and  61-66),  particulate  basalt  (data  sets  15-29,  31-39,  40-51,  58, 
and  67-76),  and  Hanford  Site  basalts  (data  sets  77-82,  84-122).  Somerton 
et  al.  [74]  reported  the  data  for  augite  basalt  from  Mohole  Test  Site.  For 
the  reasons  given  in  section  3.1,  it  is  rather  difficult  to  generate  a set  of 
recommended  values  which  can  be  applicable  to  basalts  in  general.  Therefore, 
a systematic  collection  of  all  available  data  and  information  is  presented  in 
Table  3.1  and  shown  in  Figure  3.1.  Since  thermal  conductivity  values  for 
particulate  basalts  are  considerably  lower  than  those  for  other  types,  these 
values  are  plotted  separately  in  Figure  3.2. 

The  thermal  conductivity  of  most  crystalline  rocks  above  room  temperature 
decreases  with  increasing  temperature.  From  the  data  reported  in  Table  3.1 
and  Figures  3.1  and  3.2,  it  is  quite  clear  that  this  behavior  does  not  always 
hold  true  for  basalt.  Both  increasing  and  decreasing  trends  with  temperature 
are  indicated.  This  behavior  is  dependent  upon  a number  of  factors,  each  may 
affect  the  thermal  conductivity  differently.  These  include  porosity,  internal 
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TABLE  3.1.  EXPERIMENTAL  DATA  ON  THERMAL  CONDUCTIVITY  OF  BASALT  (continued) 
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TABLE  3.1.  EXPERIMENTAL  DATA  ON  THERMAL  CONDUCTIVITY  OF  BASALT  (continued) 
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Other:  Same  as  above. 
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24 


E 


a.  — 
41  > 
<J  S 


cj  .a  u c 

<8  Q U 
30  E 


O E 33  CM 
!TJ  -4  • 

C/3  3 U"> 

E I 


C — ^ 

43 

Q O 


OOOOOOOOOOOOOOOOOOOOOOOOOO' 


ooooooooooooooooooooooo 


Nfl\«f'OCOffiHrt\flaDO^rtn>0(N^HNWini/INO''4NHN«Ji/)OaO'Ni/HftN>mnNNOONN'00#^fl3a3 

N(NNNCNNNNM(SNN(NNNNNNNNN(NNNNNNCSNNNNNNCNNN(NNNNNNN(NNNnnn 


I 

I 

1 

I 

I 
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Miller,  R.J.,  Basalt,  TL1;  Heat  Flow  473  1.289  Other:  Test  specimens  are  core  sec- 
ond Wang,  F.D.,  Drill  Hole  523  1.268  tlons  cut  to  approximately  5/8  In. 

1978  [37]  DC-10;  Cable  length  and  ground  parallel  to  within 

Mountain,  WA  0.003  In.;  footage  of  sample  was 

taken  from  143.4-143.55  ft.  below 
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Figure  3.1. 


Thermal  conductivity  of  basalt. 


THERMAL  CONDUCTIVITY  , W cm 
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Figure  3.2.  Thermal  conductivity  of  particulate  basalt. 
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affect  the  thermal  conductivity  differently.  These  include  porosity,  internal 
cracking,  structure,  water  content,  and  amount  of  glassy  material  in  the 
basalt.  The  data  on  the  Hanford  Site  basalt  show  increase  with  increasing 
temperature.  However,  the  data  for  other  basalts,  including  the  Dresser 
basalt,  show  the  opposite  trend.  It  is  worth  noting  that  the  Hanford  Site 
basalt  samples  are  from  a drill  hole  up  to  4800  feet  deep.  The  internal 
cracking  and  internally  trapped  water  cannot  be  ignored  for  these  samples. 

The  room-temperature  thermal  conductivity  values  for  most  of  the  basalts 
studied  are  within  the  range  from  1.0  to  2.5  W m . However,  the  data  of 

Morgan  and  West  [32]  (data  sets  61-65)  for  the  Dresser  basalt  are  much  higher 
and  yield  a value  of  about  3.1  W m * near  room  temperature,  decreasing  to 
about  2.7  W m ^ at  540  K.  This  is  considerably  higher  than  values  reported 
by  Marovelli  and  Veith  [20]  (data  sets  5-9)  and  Navarro  and  DeWitt  [24]  (data 
set  30)  . 

There  has  been  a considerable  amount  of  work  done  on  the  thermal 

conductivity  of  particulate  basalt  with  densities  ranging  from  0.88  to  1.95 
-3 

g cm  [23,25,30,34],  Most  of  these  studies  were  carried  out  in  a vacuum  of 
about  10  ^ atm.  Thermal  conductivity  values  for  these  basalts  are  of  the 
order  of  0.003  W m ^ near  room  temperature.  However,  the  values  of  Bernett 
et  al.  [23],  derived  from  experimental  thermal  diffusivity,  specific  heat,  and 
density  data,  are  much  higher,  of  the  order  of  0.2  + 0.05  W m * . 

The  data  reported  for  the  Hanford  Site  basalts  can  be  summarized  as 
follows:  the  data  of  Mart inez-Baez  and  Hal  Amick  [35]  (data  sets  77-82)  for 

water  saturated  specimens  show  a slight  decreasing  trend  with  increasing  tem- 
perature or  at  most  a constant  value  of  1.6  + 0.2  W m ^ from  329  to  473  K. 
The  data  of  Duvall  et  al.  [37]  (data  sets  84-86)  indicate  that  thermal  con- 
ductivity values  at  temperatures  from  423  to  523  K vary  from  1.3  W m ^ for 

-3  -1  -1  -3 

basalt  of  density  2.69  g cm  to  a value  of  1.6  W m K for  2.85  g cm  . The 

data  of  Foundation  Sciences  Inc.  [40]  (data  sets  87-90)  show  a slight  in- 
creasing trend  or,  at  the  most,  a constant  value  of  2.2  + 0.4  W m ^ from 
330  to  580  K.  The  Foundation  Sciences  Inc.  [39]  (data  sets  91-98)  also  report 
a value  of  2.0  + 0.3  W m ^ for  basalts  from  Area  1 of  the  Near  Surface  Test 
Facility  (NSTF)  . However,  data  for  Area  2 of  NSTF  are  sample  dependant  [38] 
(data  sets  99-106).  The  thermal  conductivity  values  for  these  basalts  range 
from  1.0  to  2.5  W m 1K  1 at  temperatures  from  320  to  570  K.  The  data  from  the 
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Colorado  School  of  Mines  [41]  (data  sets  107-122)  for  samples  from  bore  holes 
14  to  4800  feet  deep  also  exhibit  similar  variation  from  0.8  to  2.5  W m ^ ^ 
at  temperatures  from  375  to  580  K. 

Bridgman  [42]  reported  that  the  thermal  conductivity  values  for  diabasic 
basalt  at  348  K increase  from  1.73  W m *K  * at  zero  pressure  to  1.78  W m ^K  1 
at  11614  atm  pressure.  Somerton  et  al.  [74]  reported  that  thermal  conductiv- 
ity at  336  K for  sea-water  saturated  augite  basalt  increase  from  1.8  W m ^ 
at  30  atm  axial  stress  to  2.1  W m * at  220  atm  axial  pressure.  Addition- 
ally, Hyndman  and  Drury  [43]  reported  an  average  value  of  1.7  W m ^K  ^ from 

their  measurements  on  19  specimens  from  the  Deep  Sea  Drilling  Project  (DSDP 

-3 

Leg  37)  with  an  average  bulk  density  of  2.795  g cm  . Robertson  and  Peck  [44J 

reported  that  the  thermal  conductivity  at  308  K of  olivine  basalt  samples  from 

-3 

Hawaii  with  densities  varying  from  0.049  to  3.06  g cm  varies  from  0.09 
W m ^K  * (porosity  98%)  to  1.8  W m ^K  * (porosity  2%)  for  dry  samples  and 
between  0.8  and  2.4  W m ^K  ^ for  water-saturated  samples. 

3.4.  THERMAL  LINEAR  EXPANSION 

There  are  over  60  experimental  data  sets  available  for  thermal  linear 
expansion  of  basalt.  The  temperature  range  covered  by  most  of  these  is  rather 
narrow  with  exception  of  the  data  of  Griffin  and  Demon  [45]  (data  sets  1-4) , 
for  tholeiitic  and  for  olivine  basalt  from  136  to  1214  K,  and  those  of 
Thirumalai  et  al.  [53]  (data  set  28)  for  Dresser  basalt  from  313  to  1337  K. 
The  Hanford  Site  basalts  are  studied  in  detail  by  Erickson  and  Krupka  [54] 
(data  sets  29,30),  Duvall  et  al.  [37]  (data  sets  31-33),  Foundation  Sciences 
Inc.  [38]  (data  sets  34-47),  Foundation  Sciences  Inc.  [40]  (data  sets  48-56), 
and  by  Miller  and  Bishop  [55]  (data  sets  57-63).  Some  other  types  of  basalts 
covered  in  this  Chapter  are  hornblende  basalt  [46],  tephrite  basalt  [48],  and 
basalt  porphyry  [50,52], 

The  data  of  Griffin  and  Demon  [45]  indicate  that  basalt  with  low  glass 
content  (data  set  3)  has  higher  expansion  than  that  with  high  glass  content 
(data  set  4).  The  'vesicular  basalt  olivine  no.  1'  and  'vesicular  basalt 
olivine  no.  2'  reported  by  them  have  somewhat  similar  mineralogical  composi- 
tions, but  quite  different  thermal  expansion  values.  The  data  of  Krupka  [51] 
for  'Los  Alamos  basalt  glass'  and  of  Suleimenov  et  al.  [48]  for  tephrite 
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CINDAS  TEMPERATURE  . K 


Figure  3.3. 


Thermal  linear  expansion 


of  basalt. 
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basalt  with  fine-grained,  glassy  structure  fall  within  the  range  of  the  data 
of  Griffin  and  Demou  [45]  for  basalt  with  low  glass  content.  Therefore,  their 
[45]  results,  including  three  small  but  distinct  anomalies,  cannot  be  ex- 
plained on  the  mineralogical  composition  alone.  This  anomolous  behavior, 
especially  higher  thermal  expansion  values,  can  be  partly  attributed  to  the 
various  degrees  of  premelting  under  certain  conditions  occurring  in  basalts. 

The  percent  thermal  expansion  values  calculated  using  instantaneous 
coefficients  of  Thirumalai  et  al.  [53]  for  the  Dresser  basalt  yielded  much 
higher  values  above  800  K and  much  lower  values  below  350  K than  those 
reported  for  other  basalts. 

The  data  of  Duvall  et  al.  [37]  for  Pomona  flow  basalt  from  drill  hole 
DC-10  agree  well  with  those  for  tholeiitic  basalt  [45]  (data  set  1) . These 
have  similar  chemical  and  physical  compositions.  Furthermore,  they  [37] 
observed  no  significant  change  in  the  instantaneous  coefficients  from  293  to 
573  K.  The  data  of  Erikson  and  Krupka  [54]  appear  to  be  in  error  mainly 
because  of  their  experimental  difficulties. 

The  data  of  Foundation  Sciences  Inc.  [38]  (data  sets  34-47)  are  for 
Pomona  Flow  basalt  from  the  Near  Surface  Test  Facility  bore  hole  5.7  to  38.3 
feet  deep.  Thermal  expansion  at  573  K varies  from  0.196  to  0.252%  for  various 

-3 

samples  of  densities  2.82  to  2.85  g cm  . However,  the  data  of  Foundation 
Sciences  Inc.  [40]  (data  sets  48-56)  are  much  lower,  about  0.14%  at  515  K for 

-3 

most  of  their  specimens  (density  2.80  g cm  ) taken  from  about  a 3100  feet 
deep  bore  hole.  The  data  of  Miller  and  Bishop  [55]  are  for  another  Hanford 
Site  basalt  (Umtanum  basalt  Drill  Hole  DC-6) . 

The  detailed  mineralogical  analysis  and  composition  of  different  basalts, 
the  thermal  expansion  of  each  of  the  minerals,  and  the  effects  of  each  of 

these  minerals  on  the  overall  thermal  expansion  of  a given  basalt  must  be 

known  in  order  to  attempt  a systematic  data  analysis  and  to  generate  the 
recommended  values.  From  the  above  discussion,  it  is  quite  clear  that  a set 
of  recommended  values  for  a basalt  from  a given  location  cannot  be  given. 
Therefore,  the  experimental  data  for  each  of  the  individual  data  sets 
presently  available  in  the  literature  are  given  in  Table  3.2  and  shown  in 
Figure  3.3  so  that  the  readers  will  have  easy  access  to  this  information.  At 
the  same  time  the  smooth  values  taken  from  the  data  for  basalts  from  a few 

selected  regions  are  tabulated  in  Table  3.3  and  shown  in  Figures  3.3  and  3.4. 
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TABLE  3.3.  THERMAL  LINEAR  EXPANSION  OF  BASALTS* 
[Temperature,  T,  Kj  Thermal  Linear  Expansion,  AL/L^,  %] 


AL/L0 


T 

Dresser 

Basalta 

Tholeiitic 

Basalt^ 

Vesicular 
Olivine 
Basaltc 
No.  1 

Vesicular 
Olivine 
Basalt^ 
No.  2 

Vesicular 
Olivine 
Basalte 
No.  3 

150 

-0.066 

-0.020 

-0.027 

-0.033 

200 

-0.047 

-0.015 

-0.024 

-0.027 

250 

-0.023 

-0.009 

-0.015 

-0.016 

273 

-0.010 

-0.005 

-0.008 

-0.007 

293 

0.000 

0.000 

0.000 

0.000 

0.000 

298 

0.001 

0.002 

0.002 

0.002 

0.004 

300 

0.002 

0.005 

0.004 

0.003 

0.005 

350 

0.013 

0.036 

0.023 

0.028 

0.032 

400 

0.056 

0.070 

0.044 

0.058 

0.061 

450 

0.106 

0.105 

0.061 

0.092 

0.085 

500 

0.156 

0.144 

0.072 

0.129 

0.105 

550 

0.207 

0.184 

0.075 

0.169 

0.124 

600 

0.259 

0.226 

0.080 

0.211 

0.139 

650 

0.315 

0.270 

0.088 

0.249 

0.152 

700 

0.372 

0.315 

0.100 

0.287 

0.167 

750 

0.433 

0.356 

0.120 

0.324 

0.184 

800 

0.498 

0.395 

0.146 

0.361 

0.203 

850 

0.570 

0.427 

0.174 

0.400 

0.225 

900 

0.653 

0.467 

0.203 

0.443 

0.250 

950 

0.748 

0.503 

0.234 

0.484 

0.278 

1000 

0.820 

0.536 

0.268 

0.530 

0.309 

1050 

0.878 

0.567 

0.306 

0.579 

0.345 

1100 

0.930 

0.604 

0.350 

0.635 

0.3  85 

1150 

1.000 

0.643 

0.398 

0.708 

0.432 

1200 

1.120 

0.693 

0.456 

0.804 

0.487 

1250 

1.280 

1300 

1.352 

1350 

*The 

tabulated  values  are  smooth  values  derived  from  experimental  data. 

See 

footnotes  below. 

aThe 

values  are  from  ref.  [53] 

(data 

set  28) . 

bThe 

values  are  from  ref.  [45] 

(data 

set  1) . 

CThe 

values  are  from  ref.  [45] 

(data 

set  2) . 

dThe 

values  are  from  ref.  [45] 

(data 

set  3 ) . 

6 The 

values  are  from  ref.  [45] 

(data 

set  4) . 
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Figure  3.4.  Thermal  linear  expansion  of  selected  basalts. 
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3.5.  SPECIFIC  HEAT 

There  are  over  40  data  sets  available  for  the  specific  heat  of  basalts. 
Data  of  Hanley  et  al.  [33],  Erupka  [51],  Thirnmalai  et  al.  [53],  Lindroth  and 
Erawza  [56],  and  of  Stephens  and  Sinnock  [57]  are  for  Dresser  basalt.  In 
addition,  Dmitriev  et  al.  [58]  report  the  data  for  andesite  basalt  and  Robie 
et  al.  [59]  report  data  for  vesicular  basalt.  The  data  of  Duvall  et  al.  [37] 
(data  sets  12-14),  Martinez-Baez  and  Hal  Amick  [35]  (data  sets  16-19),  Erikson 
and  Erupka  [54]  (data  set  21),  Foundation  Sciences  Inc.  [40]  (data  sets 
23-26),  and  Foundation  Sciences  Inc.  [38]  (data  sets  27-42)  are  for  Hanford 
Site  basalts. 

Due  to  the  absence  of  any  essential  information  required  for  correlating 
the  data  with  the  structural  differences  among  basalts  from  various  regions, 
it  is  practically  impossible  to  generate  a set  of  recommended  values  which  can 
be  applied  to  basalts  in  general  from  the  specific  heat  data  presently  avail- 
able in  the  literature.  Therefore,  specification  and  data  from  individual 
investigators  are  given  in  Table  3.4  and  Figure  3.5  so  that  the  readers  will 
have  easy  access  to  all  available  information  on  the  specific  heat  of  basalts. 

The  recommended  values  for  Dresser  basalt  presented  in  Table  3.5  are 
based  on  the  data  of  Thirnmalai  et  al.  [53],  Lindroth  and  Krawza  [56],  and 
Leonidov  [60]  for  basalt  of  somewhat  similar  composition.  The  mixing  rule 
calculations  of  Stephens  and  Sinnock  [57]  yield  slightly  lower  values.  Erupka 
[51]  reported  the  specific  heat  values  for  Dresser  basalt  but  did  not  clearly 
identify  the  source  of  his  values.  The  data  of  Lindroth  and  Erawza  [56]  are 
up  to  8%  higher  than  the  recommended  values,  and  indicate  a distinct  anomoly 
near  848  E which  is  near  the  a-{3  quartz  inversion  point.  This  is  very  sur- 
prising since  the  Dresser  basalt  which  they  studied  did  not  contain  free 
quartz.  They  did  not  offer  any  explanation  for  this  anomalous  behavior.  The 
data  of  Leonidov  [60]  do  not  show  anomolous  specific  heat  near  848  E.  Based 
on  the  data  available  so  far  in  the  literature,  no  judgment  could  be  made 
about  the  behavior  of  the  specific  heat  values  near  848  E.  Therefore,  the 
abrupt  drop  in  the  specific  heat  reported  by  Lindroth  and  Erawza  [56]  is  ig- 
nored in  the  present  data  analysis.  It  is  interesting  to  note  that  the  data 
for  the  Dresser  basalt  below  300  E join  smoothly  into  the  low  temperature  data 
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of  Robie  et  al.  [ 59 J (data  set  8)  for  Apollo  11  lunar  sample  and  those  of 
Hemingway  et  al . [62]  (data  set  22)  for  Apollo  14  lunar  sample.  Erikson  and 
Krupka  [54J  observed  anomalous  relative  enthalpy  values  for  Pomona  basalt  at 
573  K and  623  K.  Since  basalt  does  not  undergo  any  phase  transition  at  these 
temperatures,  they  attributed  this  anomalous  behavior  to  the  loss  of  about  1% 
structural  water.  Their  specific  heat  values,  in  general,  are  about  5%  higher 
than  the  values  recommended  for  the  Dresser  basalt.  The  difference  between 
the  CXNDAS  recommended  values  for  the  Dresser  basalt  and  the  data  of  Lindroth 
and  Krawza  [56]  and  of  Erikson  and  Krupka  [54]  may  be  partially  due  to  the 
analytical  method  which  they  chose  to  represent  their  measured  enthalpy  data 
and  to  derive  the  c^  values  from  it.  In  this  type  of  derivation,  uncertainty 
in  0^  values  is  much  higher  than  that  in  directly  measured  ones.  The  equation 
representing  c^  values  based  on  the  data  of  Allen  [64]  and  Scheller  [65] 
reported  by  Lehnhoff  and  Scheller  [63]  for  Dresser  basalt  yielded  extremely 
high  values. 

The  recommended  values  for  the  Dresser  basalt  tabulated  in  Table  3.5  are 
considered  accurate  to  within  +7%.  The  specific  heat  values  for  other  types 
of  basalts  of  similar  composition  and  physical  structural  characteristics  are 
expected  to  have  values  similar  to  those  recommended  within  the  limits  stated 
above . 

The  data  of  Duvall  et  al.  [37]  for  basalt  from  the  Pomona  flow  in  the 

Gable  Mountain  region  for  some  unknown  reason  are  much  higher  than  those  for 

other  basalts.  The  values  of  Martinez-Baez  and  Hal  Amick  [35]  for  basalts 

from  Gable  Mountain  and  Umtanum  regions  are  calculated  by  a method  consisting 

of  summation  of  individual  constituents  of  basalt  based  on  oxide  analysis  are 

higher  than  those  reported  by  Stephens  and  Sinnock  [57]  using  the  simple 

mixing  rule.  Foundation  Sciences  Inc.  [40]  found  that  c for  Umtanum  basalt 

-1  -1  p 

from  bore  hole  DC-2  increases  from  950  J kg  K at  343  K to  about  1010 
J kg  K at  573  K and  is  constant  between  573  K and  623  K and,  further,  the 
specific  heat  data  of  Umtanum  basalt  are,  in  general,  in  fair  agreement  with 
those  for  Pomona  basalt,  except  that  the  specific  heat  of  Pomona  basalt  has  a 
slightly  greater  temperature  dependence.  Foundation  Sciences  Inc.  [38] 
reported  that  specific  heat  values  for  Pomona  basalt  (NSTF)  from  Area  2 are 
quite  similar  to  those  from  Area  1 [39]  . Erikson  and  Krupka  [54]  have  in- 
dicated that  the  physical  and  chemical  properties  of  Pomona  basalt  are  similar 


TABLE  3. U.  EXPERIMENTAL  DATA  ON  SPECIFIC  HEAT  OF  BASALT 
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TABLE  3.5.  SPECIFIC  HEAT  OF  DRESSER  BASALT 


[Temperature,  T,  K;  Specific  Heat, 


c , J kg  1K  1 ] 


T 

CP 

T 

CP 

100 

260 

700 

1062 

150 

426 

750 

1077 

200 

557 

800 

1090 

250 

678 

850 

1102 

273 

772 

900 

1113 

293 
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950 

1122 

298 

765 

1000 

1131 

300 

770 

1050 

1139 

350 

842 

1100 

1146 

400 

898 

1150 

1152 

450 

940 

1200 

1160 

500 

975 

1250 

1165 

550 

1003 

1300 

1171 

600 

1026 

650 

1045 
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CINDAS  TEMPERATURE  . K 


Figure  3.5.  Specific  heat  of  basalt. 
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-3 

to  those  of  tholeiitic  basalt  (density  2.84  g cm  and  porosity  2%),  the 

thermal  expansion  of  which  is  reported  by  Griffin  and  Demon  [45].  Specific 

heat  of  this  basalt  is  not  reported  in  the  literature.  However,  the  above 

discussion  should  give  guidelines  to  estimate  c values  for  this  and  other 

P 

types  of  basalt. 

3.6.  THERMAL  DIFFUSIVITY 

There  are  over  60  data  sets  available  for  the  thermal  diffusivity  of 

basalt.  These  include  the  data  for  Dresser  basalt  [33,66]  (data  sets  1-4,35), 

tholeiitic  basalt  [67,71]  (data  sets  5-8,40),  and  lunar  basalt  [70,72,73] 

(data  sets  36-39,41-47).  Additionally,  Martinez— Baez  and  Hal  Amick  [35],  and 

Foundation  Sciences  Inc.  [38-40]  report  the  data  on  the  Hanford  Site  basalt. 

Somerton  et  al.  [74]  report  the  data  for  augite  basalt  from  the  Mohole  Test 

Site.  Petrunin  et  al.  [69]  report  the  data  for  basalts  from  various  parts  of 

Armenia.  These  data  sets  cover  the  temperature  range  from  100  to  1850  K.  The 

problems  encountered  in  the  analysis  of  thermophysical  properties  is  discussed 

in  the  sections  for  other  properties.  The  experimental  data  for  each  of  the 

data  sets  presently  available  in  the  literature  are  given  in  Table  3.6  and 

shown  in  Figure  3.6.  The  room-temperature  thermal  diffusivity  values  for  most 

-4  2 -1 

of  the  basalts  studied  fall  within  the  range  from  0.0045  x 10  m s to  0.0075 
-4  2 -1 

x 10  m s . Most  of  these  data  sets  show  similar  temperature  trends.  These 
investigators  have  demonstrated  that  structural  differences  such  as  mineral- 
ogical  composition,  texture,  interstitial  fluids,  porosity,  and  others  have  a 
larger  impact  on  the  thermal  diffusivity  than  temperature  dependence.  Un- 
usually high  thermal  diffusivity  for  Dresser  basalt  obtained  by  Hanley  et  al. 
[33,75J  is  accounted  partially  for  relatively  low  plagioclase  content,  a 
mineral  which  tends  to  impair  thermal  diffusion.  From  the  geological  view- 
point, the  Chinadiyeva  and  Akhuryan  River  basalts  reported  by  Petrunin  et  al. 
[69],  as  well  as  the  tholeiitic  basalt  reported  by  Lindroth  [67],  have  similar 
mineralogical  composition  and  structure,  but  different  density  and  porosity. 
The  data  of  Petrunin  et  al.  [69]  are  a representative  example  of  the  effect  of 
porosity  on  the  thermal  diffusivity  of  mineralogically  similar  basalts. 
Basalt  of  low  porosity  has  higher  thermal  diffusivity.  However,  low  thermal 
diffusivity  values  reported  by  Lindroth  [67]  cannot  be  adequately  explained. 
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TABI.K  3.6.  EXPERIMENTAL  DATA  ON  THERMAL  DIFFUSIVITY  OF  BASALT  (continued) 
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TABLE  3.7.  THERMAL  DIFFUSIVITY  OF  DRESSER  BASALT 

-4  2 -1 

[Temperature,  T,  K;  Thermal  Diffusivity,  10  m s ] 


T 

a 

T 

a 

293 

0.01200 

750 

0.00721 

300 

0.01188 

800 

0.006  92 

350 

0.01103 

850 

0.00665 

400 

0.01023 

900 

0.00638 

450 

0.00953 

950 

0.00612 

500 

0.00896 

1000 

0.00586 

550 

0.00856 

1100 

0.00536 

600 

0.00816 

1200 

0.00487 

650 

0.00782 

1300 

0.00440 

700 

0.00751 

THERMAL  DIFFUSIVITY  , 10 
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Figure  3.6.  Thermal  diffusivity  of  basalt. 
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Complete  petrographic  and  chemical  analyses  are  the  essential  part  of  satis- 
factory data  analysis  and  only  very  few  have  reported  this.  Hanley  et  al. 
[75]  observed  a 10%  increase  in  room  temperature  thermal  diffusivity  of  basalt 
saturated  with  water.  Based  on  the  information  available  in  Refs.  [33,66,75], 
the  values  for  thermal  diffusivity  given  in  Table  3.7  can  be  considered  the 
representative  values  for  Dresser  basalt. 

Horai  et  al.  [70]  (data  sets  36-39)  and  Horai  and  Winkler  [73]  (data  sets 
50-52)  reported  data  for  the  Apollo  11  lunar  material.  Their  data  show  signi- 
ficant scatter  and  vary  considerably  from  one  sample  to  another.  Fujii  and 
Osaka  [72]  (data  sets  41-49)  reported  data  for  Apollo  11  and  Apollo  14  lunar 
rocks.  The  porosity  of  rocks  strongly  affects  thermal  diffusivity  in  vacuum 
at  low  temperature.  Near  150  K,  thermal  diffusivity  of  Apollo  11  basalt 
(porosity  5.5%  and  11%)  at  one  atmosphere  is  about  two  to  three  times  that  in 
vacuum.  The  Hanford  Site  basalts  are  studied  in  greater  detail  by  Martinez- 
Baez  and  Hal  Amick  [35]  (data  sets  29-34),  Foundation  Sciences  Inc.  [38]  (data 
sets  49-60) , and  Foundation  Sciences  Inc.  [40]  (data  sets  61-66).  The  studies 
reported  in  [38-40,54]  indicated  that  thermal  diffusivity  of  this  group  of 
basalts  is  not  a strong  function  of  temperature.  Most  of  the  samples  for 
which  thermal  diffusivity  is  reported  appeared  to  have  low  porosity. 
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3.8.  SYMBOLS  AND  UNITS  AND  CONVERSION  FACTORS 
3.8.1.  Symbols  and  Units 

Symbol 

Name 

Unit 

A 

Cross-sectional  area  of  the  specimen 

2 

m 

A 

r 

Cross-sectional  area  of  the  reference 

sample 

2 

m 

co'ci 

Calibration  constants 

dimensionless 

c 

P 

Specific  heat  at  constant  pressure 

J kg  K_1 

d 

Density 

. -3 

kg  m 

do 

Density  at  room  temperature  (293  K) 

. -3 

kg  m 

=1 

Enthalpy 

J kg"1 

k 

Thermal  conductivity 

W m_1K_1 

k 

r 

Thermal  conductivity  of  the  reference 

sample 

W m_1K_1 

L 

Length  at  temperature  T 

m 

L 

s 

Length  of  the  specimen 

m 

L 

r 

Length  of  the  reference  sample 

m 

Lo 

Length  at  room  temperature  (293  K) 

m 

AL 

AL  = L - Lq 

m 

AL/Lo 

Thermal  linear  expansion 

% 

£ 

Length  of  the  central  heater 

m 

m 

Mass  of  specimen 

kg 

N 

Order  of  interference 

dimensionless 

VN2'N3 

Fringe  integers 

dimensionless 

P 

Pressure 

atm  (use  Pa) 

q 

Rate  of  heat  flow 

watt 

ri'r2 

Radii 

m 

t 

Time 

sec 

T 

Temperature 

£ 

T1*T2 

Temperatures 

K 

AT 

AT  = T - T, 

K 

W 

c 

2 1 

Specific  heat  of  calorimeter 

J kg"1!"1 

Ax 

Distance  difference 

m 

Greek 

Symbols 

a Thermal  diffusivity  m s 

P Coefficient  of  thermal  expansion  K 1 
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6 

6 

X 

X 

V 

Amplitude  ratio 
Phase  lag 
Wavelength 
Wavelength  of  light 

in  vacuum 

rad. 

m 

m 

3 .8.2. 

Conversion  Factors 

Thermal 

Conductivity 

To 

convert  from 

to 

Multiply  bv 

W m-1!-1 

BtuITh”1ft“1F'*1 

0.5777908 

W m_1K_1 

i -1  -1„“ 1 

calJTs  cm  C 

2.38846  x 10“3 

Specific 

Heat 

To 

convert  from 

to 

Multiply  by 

J kg  4 1 

Btu^ltTV1 

2.3885  x 10"4 

J kg  1 

Cal^V1 

2.3885  x 10"4 

Thermal  Diffusivity 


To  convert  from 

2 -1 
m s 


to 


2 -1 
cm  s 


2 -1 
m s 


2 -1 
m s 


f.2  -1 
ft  s 

2,-1 

m h 


Multiply  bv 


10.7639 


3600 
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4.1.  INTRODUCTION 

Extensive  measurements  have  been  reported  on  the  electrical  properties  of 
basalt.  Although  efforts  were  made  here  to  evaluate  these  data,  it  was  not 
possible  to  generate  recommended  values.  The  main  difficulties  were  due  to  the 
uncharacterized  nature  of  the  samples  and  the  poorly  defined  experimental  con- 
ditions. Consequently,  this  work  comprehensively  and  systematically  presents 
and  discusses  all  the  important  experimental  data  and  information  covering  the 
temperature,  pressure,  porosity,  and  density  dependences  of  the  electrical 
conductivity  and  the  frequency  dependence  of  the  dielectric  constants.  An 
excellent  discussion  about  the  considerations  necessary  to  characterize  geolog- 
ical samples  and  details  required  for  physical  property  measurements  are  given 
by  Pincus  [1]  and  Olhoeft  [2] . 

According  to  petrography,  basalts  are  fine-grained  in  appearance  and  con- 
sist predominantly  of  plagioclase,  pyroxene,  and  olivine  or  quartz  (or  both). 
There  is  a wide  variation  in  the  mineralogical  and  chemical  composition  of 
basalt  dependent  on  the  geographical  location  of  source  place.  A glassy 
component  is  also  found  in  abundance  in  volcanic  rocks  and  is  the  principal 
product  of  shield  volcanoes  of  Hawaiian  type.  The  general  olivine-free  or 
olivine-poor  basalt  is  a special  type  of  calc-alkali  basalt  and  is  referred  to 
as  tholeiitic  basalt.  This  type  is  found  predominantly  among  the  plateau- 
building lavas  of  shield  areas  of  the  world.  The  details  of  various  basalt 
types,  their  mineral  and  chemical  compositions  and  texture,  have  been  reported 
in  an  earlier  CINDAS  report  on  the  thermophysical  properties  of  selected  rocks 
by  Desai  et  al.  [3].  In  the  present  study,  the  sample  characterization  is 
reported  along  with  the  property  data  to  the  extent  provided  in  the  source 
documents . 

In  the  next  section,  a brief  discussion  is  given  on  the  methods  of 
measurements  both  for  the  electrical  conductivity  (Section  4.2.1)  and  for  the 
dielectric  constant  (Section  4.2.2).  The  purpose  is  to  point  out  the  basic 
principle  of  the  measurement  methods  so  that  the  experimental  information 
presented  in  the  tables  could  be  more  meaningful  to  the  reader. 
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4.2.  METHODS  FOR  MEASURING  ELECTRICAL  PROPERTIES 

4.2.1.  Methods  for  Measuring  Electrical  Conductivity 

The  electrical  conductivity  of  a solid  is  determined  by  measuring  the 
electrical  resistance  of  a slab  of  material  of  known  dimensions.  The 
resistance  is  obtained  by  placing  the  specimen  between  metallic  electrodes  and 
measuring  the  electrical  current  for  a given,  known  electrical  potential.  To 
obtain  good  electrical  contacts,  material  such  as  Aquadag  (a  colloidal 
dispersion  of  graphite)  is  sometimes  applied  to  the  faces  of  the  sample.  The 
basic  discussion  on  measurements  as  applied  to  geologic  materials  can  be  found 
in  [4J  and  [5] . An  extended  discussion  of  the  details  of  measuring  the 
electrical  conductivity  of  solids,  including  the  theoretical  considerations,  is 
given  by  Olhoeft  [6] . The  present  review  of  the  measurements  on  basalt  shows 
that  most  of  the  data  were  obtained  using  a two-terminal  method.  A few  other 
data  sets  obtained  with  a four-terminal  method  are  discussed  in  detail  by  Ucok 
[7]  and  Olhoeft  [8J . 

In  general,  the  electrical  conductivity  of  geological  materials  is 
dependent  on  temperature,  pressure,  void  morphology,  density,  frequency,  and 
water  content  or  aqueous— solution  content  of  the  sample.  Indeed,  it  is  just 
these  which  are  being  sought  in  the  measurement.  However,  variations  in  the 
electrical  conductivity  also  occur  as  a result  of  non-ideal  experimental 
conditions.  For  example,  in  the  case  of  dry  rock,  the  largest  errors  are  due 
to  leakage  of  current  around  the  sample,  cable  coupling,  and  capacitance 
fringing  effects.  Some  of  these  errors  can  be  reduced  by  designing  a better 
measurement  system.  Olhoeft  [6]  and  Von  Hippel  [ 9 J have  accomplished  this  by 
using  a three-terminal  method  and  Ucok  [7]  and  Olhoeft  [8J  by  using  a 
four-terminal  method.  In  the  case  of  wet  samples,  errors  are  due  to  current 
leakage  around  the  sample  via  spurious  conduction  paths,  spurious-coupling 
between  electrode  and  sample,  and  chemical  reactions  between  the  sample  and 
sample  holder.  These  errors  have  been  reduced  to  about  +1%  in  a four-terminal 
method  where  the  sample  holder  is  shielded  with  an  inert  material  like  Teflon 
[10]  . Generally,  the  errors  in  wet-sample  measurement  are  not  as  well 
understood  as  in  the  case  for  dry  sample. 
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4.2.2.  Methods  for  Measuring  Dielectric  Constants 

The  general  concept  in  determining  dielectric  constant  is  the  measurement 

of  capacitance.  Employment  of  AC  techniques  allows  one  to  obtain  both  the  real 

and  imaginary  parts  of  the  dielectric  constant.  This  is  readily  carried  out 

using  the  same  capacitor  both  with  and  without  the  dielectric  material  present. 

Different  experimental  methods  are  used  in  different  frequency  regions.  At 

2 7 

lower  frequencies,  typically  from  10  to  10  Hz,  'Bridge'  methods  are  employed. 
At  intermediate  frequencies,  resonant  circuit  methods  are  generally  used,  while 
at  higher  frequencies,  above  100  MHz,  transmission-line  methods  are  used.  The 
details  of  these  methods  are  given  in  refs.  [11-14].  The  capacitance-meter 
method  appears  to  be  the  most  popular  for  measuring  the  dielectric  properties 
of  basalts.  Ryu  et  al.  [IS]  have  discussed  measurement  techniques,  contact 
substitution,  and  variable  air  gap  in  particular.  They  have  also  reported  data 
for  basalt  by  an  optimum  technique,  which  amounts  to  a combination  of  these  two 
techniques.  The  corresponding  accuracies  achieved  by  these  methods  are  also 
discussed  in  [15]. 


4.3.  ELECTRICAL  CONDUCTIVITY  OF  BASALTS 

A large  body  of  electrical  conductivity  data  on  basalts  are  reported  in 
the  literature  [6-8,  16-44].  The  data  as  well  as  specimen  specifications  are 
given  here  in  Tables  4.1  and  4.2.  Over  150  data  sets  for  the  temperature 
dependence  and  about  50  data  sets  for  the  pressure  dependence  of  basalt  are 
presented.  In  general,  electrical  conductivity  of  geological  materials  is 
extremely  dependent  upon  chemical  composition,  water  or  aqueous  solution 
content,  porosity  or  density,  and  void  morphology.  Therefore,  the  compilation 
presented  in  Tables  4.1  and  4.2  identifies  each  data  set  with  those  parameters 
for  which  information  is  available. 

A number  of  approaches  in  sample  preparation  were  taken  by  various 
researchers  to  study  dry  basalts.  Some  reported  measurements  on  block  sample, 
i.e.,  as-received,  and  others  on  powdered  samples.  They  have  also  documented 
details  on  drying  during  testing  of  the  samples.  Different  problems  are 
encountered  during  measurements  on  these  two  textures.  For  instance,  the  block 
samples  develop  cracks  at  high  temperatures  which  cause  difficulties  in 
electrical  measurements.  Overall,  powdered  samples  show  lower  conductivity 
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values  than  those  for  block  samples.  This  difference,  which  is  of  the  order  of 
ten  for  a given  temperature,  is  quite  significant.  However,  the  relative 
change  in  electrical  conductivity  for  the  two  textures  between  two  given 
temperatures  is  approximately  the  same.  This  has  prompted  a few  researchers, 
such  as  Alvarez  et  al.  [27],  to  use  powdered  samples  to  study  the  electrical 
conductivity  during  partial  melting  and  in  the  molten  state. 

In  addition  to  dry  basalts,  the  measurements  on  rock-fluid  mixtures  were 
also  of  interest.  The  evaluation  of  'rock  and  aqueous  solution  mixing'  laws 
was  found  to  be  an  impossible  task  because  the  data  were  not  reported  in  a 
unified  way  and  dry— rock  properties  of  such  systems  are  quite  sample  dependent. 
Thus,  a clear  statistical  conclusion  cannot  be  drawn  and,  therefore,  only  a 
survey  of  such  measurements  for  a basalt-water  or  a basalt-sea  water  system  is 
attempted.  Meaningful  comments  are  made  in  individual  cases  and  conclusions 
concerning  basalt-fluid  mixing  laws  are  reported  (see  Section  4.3.3). 

4.3.1.  Temperature  Dependence  of  Electrical  Conductivity  of  Basalt 

The  majority  of  studies  of  the  electrical  conductivity  have  been  directed 
toward  the  temperature  dependence  [6-8,  16-333.  Data  for  the  electrical 
conductivity  as  a function  of  temperature  are  given  in  Table  4.1  and  shown  in 
Figure  4.1.  This  includes  basalts  from  all  over  the  world,  and  presents  the 
very  complicated  picture  of  this  property  which  shows  distinct  regions  for  dry, 
partially  molten,  and  molten  basalt.  To  understand  the  behavior  further,  data 
for  basalts  from  American  subcontinents  (i.e.,  from  USA,  Canada,  Mexico, 
mid-Atlantic  region,  and  Hawaii)  are  analyzed  with  an  Arrhenius  relationship 
and  are  plotted  in  Figure  4.2. 

The  data  sets  presented  in  Figure  4.2  are  for  the  better  characterized 
basalts  but  do  show  some  anomalous  behavior.  It  is  necessary  to  note  that  even 
though  very  few  measurements  made  are  by  three  or  four  point  methods  and  are 
somewhat  uncertain,  a good  qualitative  insight  may  be  gained  from  this  figure. 
It  shows  several  activation-energy  regions  and  thus  provides  evidence  for 
different  conduction  mechanisms  dominating  different  temperature  regions.  Two 
data  sets  (data  sets  142,143)  for  wet  sea-water  saturated  basalts  are  also 
included  in  Figure  4.2  for  completeness.  The  electrical  conductivity  values 
for  these  samples  are  markedly  different  in  character  and  higher  in  magnitude 
than  those  for  dry  rocks.  These  data  sets  are  discussed  in  connection  with  the 
conduction  mechanisms  and  activation  energies  addressed  below  in  Section  4.3.3. 
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Figure  4.2.  Electrical  conductivity  of  basalt  (temperature  dependence). 
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TABLE  4.1.  EXPERIMENTAL  DATA  ON  ELECTRICAL  CONDUCTIVITY  OF  BASALT  (TEMPERATURE  DEPENDENCE)  (Continued) 
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TABLE  4.1.  EXPERIMENTAL  DATA  ON  ELECTRICAL  CONDUCTIVITY  OF  BASALT  (TEMPERATURE  DEPENDENCE)  (Continued) 
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The  overall  picture  of  the  melting  process  can  be  seen  easily  from  Figure 
4.2.  The  textural  changes  from  crystalline  to  glassy  and  then  to  the  molten 
state  and  the  effect  on  electrical  conductivity  are  presented  in  Figure  4.3. 
These  textural  changes  received  considerable  attention  of  several  researchers 
[16-20,  29-33].  Figure  4.3  shows  the  various  zones  corresponding  to  these 
textures.  It  also  points  out  the  different  behavior  that  occurs  during  heating 
and  cooling  cycles.  Solidus-temperature  values  for  the  different  basalts 
reported  by  these  researchers  vary  and  are  extended  from  1400  K to  1750  K.  The 
fact  that  the  electrical  conductivity  data  start  merging  near  1500  K indicates 
larger  activation  energy  upon  melting  along  with  probable  ionic  conduction. 
These  conduction  mechanisms  are  discussed  in  Section  4.3.3. 

4.3.2.  Pressure  Dependence  of  Electrical  Conductivity  of  Basalt 

Over  50  data  sets  for  basalts  from  various  geographical  locations  are 
available  in  the  literature.  These  data  sets  are  given  in  Table  4.2  and  shown 
in  Figure  4.4.  Most  of  the  measurements  are  assumed  to  be  by  the  two-terminal 
method.  These  studies  are  carried  out  in  the  dry  and  in  the  partially  and 
fully  saturated  conditions. 

Figure  4.4  shows  regions  of  distinctly  different  conductivity  for  these 
basalts.  The  first  group  of  high-pressure  measurements  is  due  to  the  work  of 
Schloessin  and  Dvorak  [38]  (data  sets  21-35)  on  basalts  in  the  dry  condition 
from  320  K to  570  K from  a mid-Atlantic  location.  Pressure  shows  hardly  any 
effect  as  the  conductivity  is  practically  constant  for  a given  temperature. 
The  quantification  of  this  result  is  elaborated  in  ref.  [38] . 

The  electrical  conductivity  of  fully  and  partially  saturated  basalt-water 
or  basalt-sea  water  systems  forms  another  group  of  experimental  results  (see, 
for  instance,  data  sets  3-19) . These  measurements  were  carried  out  at  lower 
pressures  from  zero  to  300  MPa.  The  electrical  conductivities  of  these  systems 
are  much  higher  than  those  for  dry  basalt.  This  is  mainly  due  to  the  presence 
of  interstitial  water.  It  has  been  observed  that  as  the  pressure  is  increased, 
the  electrical  conductivity  of  basalt-water  or  basalt-sea  water  system 
decreases  initially  and,  at  about  50  MPa  pressure,  it  stabilizes  to  a constant 
conductivity  value.  This  indicates  that  ionic  conduction  through  the 
pore-fluid  is  the  dominant  mechanism,  with  the  initial  decrease  being  mainly 
due  to  closure  of  pores  and  cracks. 


ELECTRICAL  CONDUCTIVITY  . S m 
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Figure  4.4.  Electrical  conductivity  of  basalt  (pressure  dependence) 


TABLE  A. 2.  EXPERIMENTAL  DATA  ON  ELECTRICAL  CONDUCTIVITY  OF  BASALT  (PRESSURE  DEPENDENCE) 
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Drury,  M.J.,  Ocean  Basalt,  Same  as  above  0.1  0.00070  Density:  2.65  Mg  m-3  (dry),  2.67 

1976  [35]  34-319A-7-1;  25  0.00061  Mg  m-3  (saturated). 

Nazca  Plate  In  50  0.00057  Porosity:  2.64%. 

Eastern  Pacific  100  0.00050  Water  Content:  0.82  wt.%. 

200  0.00039  Other:  Same  as  above. 
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Drury,  M.J.  and  Ocean  Basalt,  Same  as  above  0.1  0.0258  Density:  2.57  Mg  ra~3  (dry),  2.64 

Hyndman,  R.D.,  26-257-14-2;  25  0.0207  Mg  m~3  (saturated). 

1979  (36]  Indian  Ocean  50  0.0187  Porosity:  7.69Z. 

100  0.0174  Water  Content:  3.79  wt.%. 

200  0.0159  Other:  Same  as  above. 
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TABLE  A. 2.  EXPERIMENTAL  DATA  ON  ELECTRICAL  CONDUCTIVITY  OF  BASALT  (PRESSURE  DEPENDENCE)  (Continued) 
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Grain  Density:  0.50  to  -0.25! 

3.024  ± 0.020  g cm-3. 
Porosity:  7.8  ± 4.1%. 

Water  Content:  2.7  ± 1.5%. 

Other:  Measurements  at  300  K 


TABI.E  4.2.  EXPERIMENTAL  DATA  ON  ELECTRICAL  CONDUCTIVITY  OF  BASALT  (PRESSURE  DEPENDENCE)  (Continued) 
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Ehitarov  et  al . [ 34 J have  reported  pressure  dependence  of  the  electrical 
conductivity  of  molten  basalts  from  USSR  (data  sets  1 and  2) . The  data  set  for 
the  dry  basalt  melt  (data  set  1)  illustrates  that  the  electrical  conductivity 
is  independent  of  pressure.  However,  for  the  melt  of  a basalt-sea  water  system 
(data  set  2),  an  increase  in  conductivity  due  to  pressure  is  observed, 
suggesting  the  presence  of  a salt  in  the  system.  Further  investigations  are 
needed  to  confirm  this  finding. 

4.3.3.  Other  Dependencies  of  Electrical  Conductivity  of  Basalt 

Factors  which  affect  the  electrical  conductivity  other  than  temperature 
and  pressure  are  porosity  and  density.  Drury  [35]  and  Drury  and  Hyndman  [86] 
have  attempted  the  evaluation  of  basalt-water  or  basalt-sea  water  system  based 
on  mixing  laws  and  have  established  correlations  for  electrical  conductivity 
with  either  porosity  or  density  under  ambient  conditions.  Figure  4.5 
illustrates  the  ambient  electrical  conductivity  as  a function  of  sample  density 
for  basalts  from  various  geographical  locations.  This  figure  shows  very  wide 
variations,  which  are  not  considered  anomalous.  It  is  important  to  note  that 
all  available  data  in  the  density  range  considered  in  Figure  4.5  are  not 
plotted  because  of  some  very  large  variations  in  the  data.  This  also 
highlights  the  difficulties  encountered  in  validating  or  verifying 
rock-water/rock-sea  water  mixing  laws. 

In  limited,  individual  cases  the  empirical  mixing  laws  can  be  established 
and  a verification  of  the  generalized  Archie's  law  [45]  can  be  carried  out  as 
has  been  done  by  Drury  [35],  Olhoeft  [6],  and  others  [36-40].  It  is  also 
observed  that  such  an  examination  is  successful  for  saturated  basalt-fluid 
systems,  while  partial  saturation  cases  are  not  yet  fully  understood.  Further, 
it  is  noted  that  the  presence  of  only  a few  percent  of  water  drastically 
changes  electrical  properties  of  basalt  and  modifies  the  temperature  dependence 
significantly,  implying  that  pore-fluid  conduction  dominates.  Figure  4.6  shows 
schematically  the  conduction  through  a pore-water  and  basalt  matrix  material. 
Chemical  reactions  neglecting  pore-water  conduction  are  shown  to  be  dominant. 
In  most  cases  neglecting  chemical  reaction  is  a fair  assumption,  albeit  not  a 
complete  one.  It  turns  out  that  a limiting  temperature  for  this  assumption 
exists  which  is  controlled  by  variables  such  as  salt  concentration,  pore 
morphology,  and  hydrostatic  pressure  in  the  basalt-salt  solution  system. 
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Figure  4.5.  Electrical  conductivity  of  basalt  as  a function  of  density. 
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Basalt-salt  solution  mixtures  are  studied  by  Olhoeft  [6],  Ucok  [7],  and 

Drury  [46] . Electrical  resistivity  data  on  salt  solutions  and  basalt-solution 

saturated  systems  are  presented  in  these  studies.  The  data  of  Olhoeft  [6]  for 

electrical  resistivity  of  1 wt.%  NaCl  solution  versus  the  solution-saturated 

KI-5  Hawaiian  basalt  resistivity,  measured  at  various  temperatures  under  a 

3 

pressure  of  30  MPa  and  frequency  of  10  Hz,  are  shown  in  Figure  4.7.  The  data 
points  will  follow  a straight  line  of  unit  slope  indicating  an  agreement  with 
Archie's  law  if  the  electrical  resistivity  of  basalt-salt  solution  systems 
follow  the  resistivity  of  a typical  salt  solution.  Below  353  K the  pore-volume 
conduction  dominates,  while  above  353  K the  conduction  mechanism  along  the 
surface  of  the  pore  walls  becomes  an  important  and  dominant  factor.  A detailed 
discussion  on  electrical  conductivity  of  the  rock-sea  water  saturated  system 
can  be  found  in  Ucok  [7]  and  Drury  [46]  . It  has  been  confirmed  experimentally 
that  for  a shale  and  clay-free  basalt-salt  solution  system,  Archie's  law  can 
predict  electrical  conductivity  provided  the  brine  concentration  is  high  enough 
to  minimize  the  surface  condition  along  pore  walls. 

Changes  due  to  frequency  cause  additional  effects  on  the  electrical 
conductivity.  Such  effects  are  mainly  due  to  the  presence  of  moisture  or  due 
to  the  presence  of  clay— like  or  oxide  materials.  Structure  and  basalt-water 
chemical  reaction  are  other  causes  of  frequency  dependence.  Oxides  and  clay 
minerals  are  also  considered  to  be  responsible  for  large  frequency  dependence. 
For  these  reasons,  the  data  available  for  frequency  effects  are  not  considered 
in  this  study. 


4.3.4.  Conduction  Mechanisms  and  Activation  Energy 
Electrical  conductivity  in  rock  specimens  can  be  described  by 

a = 3 <y. 

L i 


(1) 


where  a.  are  contributions  to  the  electrical  conductivity  due  to  different 

l 

processes  and  is  given  by  the  Arrhenius  relation 

a.  = a . exp(E./kT)  (2) 

where  E^  is  the  activation  energy,  T is  temperature,  k is  Boltzmann  constant, 
and  a . is  carrier  density.  Thus,  the  total  conductivity  may  be  written  as: 
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Fig.  4.6.  Variation  of  the  electrical  resistivity 
of  basalt  as  a function  of  temperature  and  com- 
parison of  the  effect  of  pressure  on  water 
saturated  rock  water  systems. 


Fig.  4.7.  Cross-plot  of  independently  measured 
electrical  resistivity  of  1 wt.%  NaCl  solution- 
saturated  Kl-5  basalt  resistivity  as  a function 
of  temperature  under  30  MPa  hydrostatic  pressure 
at  a frequency  of  measurement  of  10 3 Hz. 
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a = ^ a . exp(E./kT)  (3) 

L 01  1 

i 

The  Arrhenius  plots  shown  in  Figures  4.2  and  4.3  allow  the  determination 
of  the  activation  energies  of  the  conduction  process  at  various  temperature 
intervals.  Table  4.3  summarizes  the  temperature  ranges  and  corresponding 
activation  energies  observed  in  these  figures.  Conduction  mechanisms  which 
have  been  identified  from  time  to  time  as  being  significant  are  also  given  in 
Table  4.3.  A note  of  caution  was  introduced  by  Shankland  [47]  who  pointed  out 
that  the  comparison  of  activation  energies  in  a given  temperature  region  could 
not  be  made  reliably  because  of  its  dependence  on  oxygen  fugacity,  fQ^ . Thus> 
there  is  a need  for  identification  of  both  the  carrier  species  and  charge  state 
along  with  carrier  concentration  and  mobility  in  order  to  completely  identify 
the  conduction  mechanism. 

Duba  and  Nichols  [48J  and  Duba  and  Ito  [49]  have  shown  that  the  electrical 

conductivity  of  olivine  melt  varies  over  several  decades  due  to  changes  in 
2+  3 + 

Fe  / Fe  and  total  Fe  content.  Waff  and  Weill  [50]  observed  the  effects  of 

-7  -0  7 

oxygen  fugacity  (10  to  10  * atmosphere  at  1675  K) , temperature,  and 

chemical  composition  on  electrical  conduction  in  rock  melts  and  attributed  the 

-3 

decrease  in  the  electrical  conductivity  at  relatively  high 

atmosphere)  to  the  high  Fe  content  in  the  tholeiitic  and  alkali  basalts  which 

they  studied. 

Rai  and  Manghnani  [20]  studied  several  basalts  from  Hawaii  under  known 

”“6  ""23 

oxygen  fugacities  of  10  to  10  atmosphere  which  they  considered  as  the 
stability  region  for  basalt  according  to  the  calculations  of  Nitson  [51]  and 
Deinese  et  al.  [52].  They  concluded  that  below  1200  K the  alkalic  basalts  are 
the  most  conductive  and  the  napthalnic  basalts  are  the  least.  The  conductivity 
values  jump  1 to  1 1/2  times  during  melting  over  the  temperature  range  of 
1200  K to  1475  K.  The  conduction  after  melting  is  ionic  in  nature  for  basalt 
tested  in  the  f$  stability  range.  It  turns  out  that  stability  is  controlled 
by  silica,  alkali,  and  femic  content.  The  silica  increases  the  conductivity, 
whereas  the  other  two  tend  to  decrease  the  conductivity.  Waff  and  Weill  [50] 
concluded  that  ionic  conduction  is  Arrhenius  type  for  alkalic  basalt  but  of 
non-Arrhenius  type  for  tholeiitic  and  napthalnic  basalts  [20]  due  to 
polymerization  of  melts.  Furthermore,  Rai  and  Manghnani  [20]  and  Waff  and 
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Table  4.3.  Conduction  Mechanism  and  Activation  Energies  (continued) 
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Weill  [50]  pointed  out  that  cooling  values  are  time  dependent  because  of 
devitrification  of  glassy  components. 

Alvarez  et  al.  [27]  studied  basalts  from  the  Mexican  volcanic  belt  and 
obtained  different  activation  energies  for  heating  and  for  cooling  cycle  in 
three  temperature  regions.  They  interpreted  the  data  suggesting  that 
conduction  below  575  K was  dominated  by  shallow  impurity  traps  (i.e., 
impurities  located  near  conduction  band)  having  such  a low  concentration  that 
it  was  immaterial  whether  the  sample  was  powdered  or  solid.  The  change  in 
mechanism  above  575  K occurred  and  conductivity  increased  more  rapidly, 
probably  due  to  much  greater  concentrations  of  available  charge  carriers  (i.e., 
oO^  >>  crO^)  and  the  corresponding  change  in  activation  energy  was  from  0.7  to 
1.7  eV.  Conductivity  dropped  above  875  K for  an  interval  of  about  100  degrees. 
New  activation  energy  was  defined  for  the  remainder  of  the  heating  interval, 
ranging  from  0.8  to  3.1  eV  which  was  indicative  of  melting.  Alvarez  et  al. 
[27]  attributed  this  to  the  destruction  of  intergranular  contacts  and  melting 
in  isolated  portions.  Conductivity  values  during  cooling-interval  can  be 
higher  or  lower  than  corresponding  heating-interval  values.  These  are 
determined  by  and  cr^  in  the  preceding  interval.  Higher  activation  energies 
for  the  heating  yield  lower  conductivity  values  in  spite  of  the  availability  of 
greater  carrier  concentration  or  mobility  (e.g.,  o0,  ^ . >>  <xn  for 

temperatures  > 600°C  as  observed  by  Alvarez  et  al.  [27]). 

3 

For  crystalline  basalts.  In  a versus  10  /T  behavior  below  875  K is 
initially  linear  and  then  it  stabilizes  to  a constant  value.  This  linearity 
shows  an  anomaly  in  a few  instances.  The  possible  association  of  this  anomaly 
with  the  Curie  temperature  of  ferrimagne tic  minerals  in  their  sample  was 
pointed  out  in  [53,54].  Further,  Lastovickova  and  Kropacek  [22]  studied  the 
temperature  and  the  Curie  temperature  dependence  of  saturation  magnetization 
and  electrical  conductivity.  This  was  examined  for  magnetite  and  haemetite  to 
limit  the  influence  of  non-f errimagne tic  petrogenetic  minerals  in  basalt 
(olivine,  pyroxenes).  They  concluded  that  the  electrical  conductivity  of  their 
basalt  was  anomalous  near  the  Curie  temperature,  which  was  distributed  over 
temperature  range.  These  data  sets  are  not  plotted  since  Figure  4.2  contains 
data  for  basalts  from  American  subcontinent,  Hawaii,  and  mid-Atlantic  regions 
only. 

The  electrical  conductivity  of  partially  molten  rocks  was  studied  by 
Shankland  and  Waff  [55]  and  Waff  [56]  because  of  the  anomalously  high 
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conductivity  values  associated  with  tectonic  regions.  Partial  melting  was  one 
of  the  reasons  proposed  for  such  a high  level  of  conductivity.  Shankland  and 
Waff  [55]  analyzed  this  empirically  by  modeling  the  earth's  mantle  using 
effective  medium  theory  which  considers  a basalt-melt  fraction  within  a largely 
olivine  matrix.  The  effects  of  pressure,  water  content,  and  melt  fraction  were 
also  discussed  in  their  investigations.  Waff  [56]  used  the  Hashin-Shtrikman 
model  [57]  to  establish  the  bounds  based  on  the  consideration  of  the  entropy 
production  and  subsequently  compared  them  with  his  results  from  geometrical 
models.  The  geometrical  models  gave  upper  bounds,  but  the  effects  of 
premelting  and  liquid-path  connectivities  were  similar  and  were  found  to  be  a 
determining  factor  for  estimating  the  effective  conductivity  values. 

The  data  for  pressure  dependence  of  electrical  conductivity  (Table  4.2) 
have  also  revealed  that  the  conductivity  values  for  a rock-sea  water  saturated 
system  decrease  rapidly  to  pressures  up  to  50  MPa  (see,  for  instance,  Drury 
[35]).  Beyond  that  region  the  electrical  conductivity  is  essentially 
insensitive  to  pressure.  The  initial  decrease  is  attributed  to  the  closing  of 
microcracks,  which  were  introduced  into  the  sample  during  drilling.  This  was 
not  observed  for  high  porosity  samples  indicating  that  high  vesicular  type  of 
porosity  dominates  over  the  closure  of  cracks  as  shown  by  Drury  [35]  and 
Hyndman  and  Drury  [39] . Lastly,  it  is  noted  that  the  pressure  effects  on 
electrical  conductivity  of  dry  basalts  are  very  small  in  magnitude  and  warrant 
no  further  comments. 

For  the  saturated  rock  system,  the  conduction  is  dominant  through  fluid 
filled  pores,  which  is  explained  traditionally  by  Archie's  law 

P s = Apfqm  (4) 

where  pg  and  p^  are  rock-fluid  system  and  fluid  resistivities,  respectively, 
q is  porosity  of  rock,  and  A and  m are  constants.  A is  frequently  taken  as 
unity.  If  conduction  is  predominantly  through  fluid  filled  pores  and  cracks, 
the  value  of  m is  unity.  According  to  Brace  et  al.  [58]  and  Brace  and  Orange 
[59],  m = 2 for  randomly  connected  pore-paths.  Most  of  the  rocks  exhibit  m 
values  in  the  range  of  1 to  2. 

In  general,  three  conduction  mechanisms  are  suggested  for  a rock-fluid 
system.  The  first  and  the  dominating  one  is  the  pore-fluid  conduction,  the 
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second  is  thermally  activated  conduction  as  in  salt  and  clays,  and  the  third  is 
conduction  through  mineral  grains.  Although  the  pore-fluid  conduction  is  the 
principal  conduction,  the  modification  of  it  takes  over  in  many  cases  when  clay 
and  salt  are  present  in  the  system.  When  temperatures  above  875  K are 
considered,  the  mineral  conduction  usually  dominates. 

The  conduction  through  clay  or  salt  is  very  similar.  The  role  of 
conduction  through  salt  is  decided  by  brine  concentration.  Usually,  when  such 
conduction  is  present,  it  is  observed  that  minerals  in  clay  have  strong  cation 
exchange  properties  and  double  layers  are  formed  along  grain  surfaces  when  they 
are  immersed  in  an  electrolyte  solution.  These  layers  consist  of  a fixed  layer 
of  ions  of  electric  charge  which  are  balanced  by  ions  of  opposite  charge  in  the 
mobile  layer.  Ions  on  both  clay  surface  and  the  mobile  layer  can  be  exchanged 
with  ions  in  the  electrolyte.  Ions  entering  electrolyte  generally  have  greater 
mobility  in  electrolyte  than  the  ions  that  they  have  replaced  and,  thus,  create 
decrease  in  resistivity. 

Temperature  dependence  of  activated  conduction  has  similar  form  as  mineral 
conduction.  Hence,  the  effective  conductivity  of  saturated  rock  in  which  pore 
spaces  are  lined  with  clay  or  salt  may  show  a thermally  activated  surface 
conduction  as  the  predominant  mechanism. 

However,  if  clay  and  salt  fill  the  pores  and  cracks,  the  bulk  conductivity 
may  decrease  particularly  at  low  temperature,  because  clay  acts  as  a membrane 
to  ion  passage.  Thus,  the  overall  effect  of  clay  content  and  salt  content  is 
very  complicated.  A more  detailed  discussion  on  these  issues  is  available  in 
the  literature,  for  example,  Ucok  [7]  and  Drury  [46], 

4.3.5.  Summary 

Electrical  conductivity  of  basalt  has  been  studied  to  date  in  great 
detail.  The  electrical  conductivity  at  room  temperature  in  dry  or  air  dry 
state  is  known.  The  temperature  dependence  of  basalt  has  received  fairly  good 
attention.  The  temperature  dependence  also  received  attention  in  the  presence 
of  oxygen,  water,  and  salt  solutions  of  different  concentrations.  The  basalt- 
water  system  is  fairly  known,  but  partial  saturation  cases  are  not  thoroughly 
investigated.  The  pressure  dependence  is  found  less  important  for  dry  basalts 
and  in  the  case  of  wet  basalts  the  changes  were  only  due  to  crack  closures  in 
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basalt.  The  conduction  mechanism  discussion  in  the  literature  is  surveyed  for 
completeness,  which  shows  a gap  of  knowledge  for  electrical  conductivity  of 
basalts  containing  altered  minerals,  zeolites,  and  organic  liquids  (e.g.,  humic 
acid) . 

4.4.  DIELECTRIC  PROPERTIES  OF  BASALT 

4.4.1.  Relative  Dielectric  Constant  of  Basalt 

The  dielectric  properties  are  studied  on  the  block  and  powdered  samples  in 
dry  as  well  as  partially  and  fully  saturated  conditions.  The  information  on 
the  chemical  composition  or  mineralogical  characterization  of  samples  is 
extracted  wherever  possible,  but  no  attempt  is  made  to  correlate  the  property 
with  mineralogical  composition. 

Overall,  about  140  data  sets  have  been  compiled  covering  frequencies  from 
2 8 

10  Hz  to  10  Hz  and  are  presented  in  Table  4.4.  Selected  data  sets  which  show 
typical  behavior  are  shown  in  Figure  4.8. 

In  general,  room  temperature  relative  dielectric  constant  of  basalt 

3 7 

remains  fairly  constant  over  frequencies  from  10  Hz  to  10  Hz  (data  sets  1-62, 

126,  127,  135-138,  146).  Most  of  the  data  are  for  measurements  on  dry  basalts 

from  various  geographical  locations.  The  factors  affecting  the  relative 

3 7 

dielectric  constant  (between  10  -10  Hz)  are  temperature,  biotite  content,  and 
water  content  (or  moisture  content) . It  is  also  observed  that  the  variations 
in  the  relative  dielectric  constant  are  larger  at  lower  frequencies. 

The  temperature  dependence  of  the  relative  dielectric  constant  was  studied 

by  Chung  et  al.  [23]  (data  sets  65-94),  Saint  Amant  and  Strangway  [26]  (data 

sets  95-115),  and  Griffin  and  Marovelli  [44J  (data  sets  146,147).  The  basalts 

covered  in  these  studies  are  lunar,  from  Cape  Neddik  and  Westfield 

(Massachusetts)  and  from  Minnesota.  These  data  for  both  powdered  and  block 

samples  show  an  increase  in  relative  dielectric  constant  with  temperature  over 

3 6 

frequency  range  10  Hz  to  10  Hz.  This  behavior  was  attributed  to  polarization 
associated  with  charge  build-up  at  grain  boundaries  and  grain  imperfections. 

The  comparison  of  the  data  for  block  and  powdered  samples  of  different 
grain  size  is  often  found  in  the  literature,  for  example,  by  Saint  Amant  and 
Strangway  [26]  and  Ryu  et  al.  [153.  A difference  of  the  order  of  magnitude  one 
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TABLE  4.4.  EXPERIMENTAL  DATA  ON  DIELECTRIC  CONSTANT  OF  BASALT  (FREQUENCY  DEPENDENCE) 
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TABLE  4.4.  EXPERIMENTAL  DATA  ON  DIELECTRIC  CONSTANT  OF  BASALT  (FREQUENCY  DEPENDENCE)  (Continued) 
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TABLE  4.4.  EXPERIMENTAL  DATA  ON  DIELECTRIC  CONSTANT  OF  BASALT  (FREQUENCY  DEPENDENCE)  (Continued) 
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or  more  is  often  found  for  the  temperature  considered  (data  sets  95-115).  This 
difference  is  attributed  to  biotite  and  pyroxane  present  in  the  sample.  It  is 
well  known  that  the  presence  of  biotite  modifies  low  frequency  response 
drastically.  The  general  observation  that  block  samples  have  a higher 
dielectric  constant  than  powdered  samples  is  well  supported  by  the  studies  on 
powdered  samples  (see,  for  instance,  data  sets  95-102)  and  on  block  samples 
(data  sets  108-115). 

The  frequency  dependence  of  dielectric  constant  shows  a very  high  value  at 

2 2 3 

10  Hz  which  generally  decreases  or  remains  constant  in  the  range  10  Hz  to  10 

Hz.  The  relative  dielectric  constant  behavior  is  not  understood  fully  in  this 

frequency  region.  Dielectric  constant  at  higher  frequencies  is  essentially 

independent  of  frequencies  (see,  for  example,  data  sets  63  and  64). 

The  effect  of  water  (or  moisture)  content  on  relative  dielectric  constant 

was  of  concern  to  Griffin  and  Marovelli  [44]  and  to  Saint  Amant  and  Strangway 

[26]  . It  is  seen  that  water  or  moisture  generally  increases  the  relative 

2 7 

dielectric  constant.  However,  this  increase  from  10  Hz  to  10  Hz  for  low 
water  or  moisture  content  does  not  depend  on  frequencies  (see,  for  instance, 
data  sets  110-112) . At  higher  moisture  this  increase  content  becomes  frequency 
dependent  (see,  for  instance,  data  sets  113-115).  This  frequency  dependency 
suggests  an  existence  of  'critical  water  (moisture)  content'  which  is  known  as 
'threshold  water  (moisture)  content.'  Thus,  a 'threshold'  or  'critical'  water 
(moisture)  content  in  basalt-water  system  is  defined  as  the  water  (moisture) 
content  above  which  frequency  dependence  is  important.  At  present,  the  factors 
affecting  this  'critical  amount'  are  not  fully  known;  however,  this  critical 
amount  is  expected  to  be  somewhere  near  the  amount  responsible  for  ionic 
conduction. 


4.4.2.  Tangent  of  Loss  Angle  (tan  6)  of  Basalt 

Overall  about  120  data  sets  have  been  compiled  covering  frequencies  from 
2 8 

10““  Hz  to  10  Hz  and  are  presented  in  Table  4.5.  The  selected  data  sets  which 
show  typical  behavior  are  shown  in  Figure  4.9.  As  in  the  case  of  dielectric 
constant,  the  loss  factor  (i.e.,  tan  6)  is  also  studied  on  the  block  and 
powdered  samples  both  in  dry  as  well  as  partially  and  fully  saturated 
conditions.  The  information  on  chemical  composition  and  mineralogical 
characterization  of  samples  is  also  reported  wherever  possible,  but  no  attempt 
is  made  to  correlate  the  property  with  mineralogical  composition. 


TANGENT  OF  THE  LOSS  ANGLE  FOR 
BASALT 
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The  room  temperature  tan  8 values  for  dry  basalt  decrease  with  frequency. 

2 

The  highest  value  at  10  Hz  approaches  a constant  value  at  higher  frequency 
(data  sets  1-62).  The  temperature  dependence  of  tan  5 versus  frequency  was 
studied  by  Chung  et  al.  [23]  (data  sets  65-79)  and  by  Saint  Amant  and  Strangway 
[26]  (data  sets  80-94) . The  frequency  dependence  observed  at  other 
temperatures  is  similar  to  the  one  at  room  temperature  (data  sets  1-62),  but 
tan  8 values  are  generally  higher  at  higher  temperatures.  Sometimes  anomalous 
behavior  is  observed  as  in  the  case  of  basalts  from  Cape  Neddik  and  Westfield 
(Massachusetts)  (data  sets  82,83,86,87).  These  data  sets  show  a peak  in  tan  8 
values  before  approaching  a constant  value  at  higher  frequencies.  The 
frequency  at  which  such  peak  occurs  is  known  as  peak  absorption  frequency. 
Saint  Amant  and  Strangway  [26]  attributed  this  unusual  behavior  to  16  volume  % 
biotite  in  their  samples.  However,  they  did  not  observe  any  peak  for  their 
measurements  on  block  samples  (see  data  sets  90,91,93,94). 

The  effect  of  1%  water  on  tan  8 at  228  K (data  set  95),  258  K (data  set 
96),  and  300  K (data  set  97)  was  reported  by  Saint  Amant  and  Strangway  [26]. 

These  results  indicated  the  normal  decreasing  behavior  of  tan  8 with  a maximum 

2 2 8 — 
at  10  Hz  in  the  frequency  range  10  Hz  to  10  Hz.  Their  measurements  with 

0.5%  water  content  for  temperature  in  the  range  of  213-267  K showed  frequency 

dependent  anomalous  behavior  (see  data  sets  98-102).  The  observed  peak 

frequency  increased  with  temperature. 


4.4.3.  Summary 

The  compilation  of  dielectric  constants  from  available  literature  is 

presented.  The  room— temperature  behavior  of  dielectric  constants  for  basalts 

3 7 

in  dry  or  air  dry  state  is  known  for  10  Hz  to  10  Hz.  The  dielectric  behavior 
3 2 

below  10  Hz  to  10  Hz  is  not  understood  fully.  The  temperature  dependence  of 
dielectric  constants  on  frequency  received  much  attention  and  it  is  concluded 
that  temperature  tends  to  increase  relative  dielectric  constant  (s')  and  tan 
8.  Both  e'  and  tan  8 tend  to  reach  constant  values  at  frequencies  above  10^ 
Hz.  The  effect  of  interstitial  water  in  basalt  is  also  evaluated,  but  is  not 
yet  fully  quantified.  Further,  careful  experiments  should  reveal  the  details. 
It  is  also  noted  that  high  biotite  content  in  basalt  modifies  dielectric 
behavior  significantly.  The  effects  of  organic  liquids  and  altered  minerals  on 
the  dielectric  constant  of  basalts  are  not  known. 
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4.6.  SYMBOLS  AND  UNITS,  AND  CONVERSION  FACTORS 
4.6.1.  Symbols  and  Units 


Symbol 

Name 

Unit 

tan  5 

Tangent  of  the  loss  angle 

dimensionless 

T 

Temperature 

K 

e ' 

Real  part  of  the  dielectric  constant 

dimensionless 

Frequency 

Hz 

a 

Electrical  conductivity 

S m-1 

P 

Electrical  resistivity 

Q m 

4.6.2.  Conversion  Factors 


Temperature 


To  convert  from 

To 

Use 

K 

°C 

K - 273.15 

K 

°F 

(K  - 273.15)9/5  + 32 

Electrical  Conductivity 

To  convert  from 

To 

Multiolv  bv 

S m-l 

fi^cm-^- 

10“2 

S 

Q2in“l 

2.54  x 10"2 

S 

G1ft”1 

3.048  x 10_1 

S m-l 

G^cmil“^f t 

1.66243  x 10"9 

S m~^ 

(pfl  cm)-*- 

1 x 10"8 
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